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Abstract
Amphiphilic water-soluble polymers are actively used in designing novel nanomaterials and have
been the subject of extensive experimental and simulation studies. Polyethylene oxide (PEO) is a
water soluble, biocompatible, non-toxic synthetic polymer capable of preventing protein
adsorption which is widely used in industry and biomedicine for protein crystallization, control of
particle aggregation and drug delivery. Most of the applications of PEO and PEO-based
nanoparticles are utilized in an aqueous environment as PEO is highly soluble in water due to its
ability to form hydrogen bonds with water and therefore understanding the role of water on the
conformation and dynamics of PEO and PEO-based nanomaterials is essential in improving and
designing new nanomaterials for a variety of applications.
Using all-atom molecular dynamics simulations, we studied PEO in bulk solutions, under
nanoconfinement in carbon nanotubes and in nanostructures (PEO brushes grafted to a planar
surface and nanoparticles). In the bulk solution, we find that PEO forms a globule like structure in
hexane, coil-like structure in water or benzene and an extended rod-like or helical structure is
isobutyric acid. The conformation and mobility of PEO in water and in isobutyric acid is dictated
by the hydrogen bonding with PEO. As part of our confinement studies, we found that PEO is
spontaneously encapsulated from aqueous solution into carbon nanotubes and forms rod-like,
helical and wrapped chain conformation depending on the size of the carbon nanotube. The stable

Udaya Raj Dahal, University of Connecticut, 2018
helix inside the carbon-nanotube is a consequence of the stable water arrangement around PEO.
As part of our studies of PEO brushes we investigated PEO grafted to gold nanoparticles and planar
gold surfaces at varying grafting densities. We found that PEO hydration in the brush depends on
grafting density and for gold nanoparticles also varies with the radial distance and nanoparticle
radius of curvature. Our simulation results agree well with the classical scaling theories and we
were able to explain the curvature dependent hydration based on bulk-solution PEO behavior.
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Chapter 1.
Introduction
A macromolecule’s properties are defined by its conformation and dynamics in the environment
it is exposed to. The study of different conformational states in various natural and synthetic
macromolecules is an active research area1,2 and it is a well-established notion that water plays
significant role in the biochemical functioning of these macromolecules. There have been a
number of significant studies concerning hydration in naturally occurring biopolymers but much
less effort has been focused on synthetic polymers. Amphiphilic water-soluble polymers have
gained significant interest in recent years because of their broad application in industry and
biomedicine. 3 One of the most actively used synthetic polymers of this class is polyethylene oxide
(PEO). PEO [𝑪𝑯𝟑 − (𝑶 − 𝑪𝑯𝟐 − 𝑪𝑯𝟐)𝑵 − 𝑶 − 𝑪𝑯𝟑] , a very simple amphiphilic polymer
which can be used for protein crystallization, surface modification, colloidal stabilization,
lubrication, anti-fouling surfaces, etc.,4–9 The use of PEO in designing new nanomaterials is
widespread because of its solubility in water and non-toxicity (PEO is known to be nonimmunogenic when injected in living organisms). One of the important applications of PEO is its
ability to inhibit protein adsorption on surfaces. When PEO is grafted to surfaces it retains a thick
hydration shell which is believed to produce net repulsive forces on proteins which prevents their
adsorption. The brush thickness/height should be sufficiently large to overcome the electrostatic
and Vander Waals interaction between the surface and the protein and the grafting density must
be high enough to prevent enough void space for smaller particles to penetrate through.8,10 As most
of the industrial applications (e.g. detergents, paints, emulsions etc.) or biomedical applications
(drug and gene delivery etc.) of macromolecules involves an aqueous environment, understanding
the conformational and dynamical behavior of PEO polymers in water is essential. Most
1

hydrocarbons show an upper critical solution temperature (UCST) below which there will be two
phases but many water-soluble polymers show a lower critical solution temperature (LCST) below
which the polymer is miscible. PEO is unique in the sense that it shows both UCST and LCST
making a closed loop miscibility gap in the temperature-concentration phase diagram as can be
seen in figure 1.1. But the temperature-induced immiscibility does not occur until fairly high
temperature (depending on molecular weight and concentration) resulting in very high solubility
of PEO in water over a wide range of temperatures as well as concentrations.

Figure 1.1: Phase diagram for aqueous solutions of PEO reprinted from analytical paper
from Dormidontova.16 Figure shows the temperature vs concentration of PEO chains of
different lengths and we see the circular loops inside which there are two phases and outside
PEO and water are miscible.
2

Several theories have been proposed to explain the solubility gap in PEO water at high
temperatures.4,11–16. One of the theories is by Dormidontova15, which uses a purely statistical
analysis of hydrogen bonding between water-water and PEO-water obtained from minimizing free
energy equation. This theory explains well the PEO-water phase diagram based on a hydrogen
bonding perspective. Thus, the solubility of PEO in water comes from its ability to form hydrogen
bonds with water due to the existence of the polar oxygen in the ether-like chemical structure. The
interplay between hydrophobic ethylene unit and hydrophilic oxygen of PEO is responsible for its
peculiar behavior and therefore makes it a candidate not only for a variety of applications but also
for engendering a significant number of fundamental studies which can have wider implications.
Many efforts have been made to understand the hydration shell around PEO both from experiments
and computer simulations but a full understanding is still lacking. As it is not always easy to probe
all the molecular details in experiments, computational tools are effective in gaining molecular
level insights on the role of water in the conformation and dynamics of PEO chains. In our work
we use molecular dynamics (MD) simulations to investigate the conformation, hydration and
mobility of PEO chains in solutions, under confinement and in nanostructures.
In this thesis, we will present our work on PEO and PEO nanostructures carried out using computer
simulations. Before we try to understand the behavior of PEO in different conditions, it is
necessary to first understand solution behavior. In this regard, we studied PEO in organic solvents
and in pure water (to help establish the appropriate force field parameters) and a binary mixture of
isobutyric acid (IBA) and water. The result of simulation matches well with experimental
observations. This result is published in PCCP17 and is included in chapter 3 of the thesis. Here,
we established the role of hydrogen bonding in the conformation and dynamics of PEO in pure
solution and binary mixtures.

3

The study of biomacromolecules under confinement has been a subject of both theoretical and
experimental studies for decades. Since, nanopores and nanochannels play important role in
biological phenomena as well as in material design and application, the study of biopolymers under
different confinement conditions has gained a great deal of interest in recent years. The pore
formation in biological membranes and how a protein folds inside those translation channels is
still a question which is not fully understood and water is considered to be an important component
that plays significant role in driving different mechanism inside these membranes. There is also an
ever-growing interest in manufacturing nanostructures like nanopores, nanochannels or nanotubes
for biomedical to energy related applications. Hence, an overall understanding of biopolymers and
their synthetic counterparts under nanoconfinement and the gained insight into the role of water at
the molecular level in structural transition and encapsulation has potential implications in
designing nanomaterials for biotechnological applications. It has been shown experimentally that
inserting a carbon nanotube into cell membranes and bilayers,18 can create an artificial ion channel
to transport small ions, DNA, water etc. Thus, it will be insightful to understand the behavior of a
polymer inside a nanotube which helps experimentalists to improve these novel nanomaterials and
also understand several unanswered problems in biophysics. These motivations led us to study the
behavior of PEO under nanoconfinement using an open single walled carbon nanotube(CNT). The
result of the simulation showed that PEO present in aqueous solution in a random coil
conformation, is spontaneously encapsulated inside the carbon nanotube and forms either a rodlike, helical or wrapped chain conformation, depending on the size of the carbon nanotube. For
range of nanotubes sizes, we observed stable helical conformation of PEO resembling the
crystalline state in some cases and found that the stable water arrangement around PEO is
responsible for helical stability. This result is included in chapter 4 and was published in PRL.19

4

PEO when combined (covalently bonded) with other hydrophobic molecules like polypropylene
oxide can form self-assembled structures in water. These structures (or micelle) has inner
hydrophobic core and outer PEO corona and has range of application from detergents to drug
delivery. Similar to these self-assembled structures, PEO can be grafted to solid surfaces like gold
or silver to form brush-like structures with a solid core and PEO corona (outer layer). Polymer
brushes can be used for colloidal stabilization, lubrication on surfaces, creating non-fouling
surfaces etc. Since, PEO is known to prevent protein adsorption on surfaces, it is one of the most
used polymers for drug delivery and creating non-fouling surfaces. Since water plays important
role in determining the properties of PEO brushes, it is essential to understand hydration in polymer
brushes. Thus, from single chain behavior, we further extended our research to planar PEO
brushes. We studied the mobility as well as hydration of planar PEO brushes from very low to
very high grafting density. Here, we included in our studies grafting densities which have not yet
been attained experimentally and hence this research can be insightful for experimentalists in the
future in designing new materials using high density grafted polymer brushes. The result of this
research is included in chapter 5 and was published in Macromolecules.20
The use of silver and gold nanoparticles in nanomedicine is increasing exponentially due to their
potential in both imaging and therapeutics.21,22 Due to the particular quantum effects observed for
smaller size metallic particles, different interesting features are observed which can be used in
designing new materials for various applications. Since silver and gold nanoparticles can be used
as drug carriers, it is desirable to have a longer circulation life-time for gold nanoparticles in blood
and prevent renal clearance. This can be achieved by grafting PEO chains onto the gold
nanoparticles. The preference for PEO water hydrogen bonding helps to retain a thick hydration
shell inside spherical PEO brushes and helps to prevent the protein adsorption. Thus, we extended
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our research on planar brushes to spherical PEO brushes. Here, we study spherical PEO brushes
at seven different grafting densities starting from low to very high as in planar brushes. To
understand the effect of curvature, we simultaneously studied PEO brushes grafted to gold
nanoparticles of varying sizes i.e. radii 1,2 and 3nm. Thus, we studied 21 systems which covered
a spectrum of grafting densities and curvature and we were able to understand the hydration and
dynamics in spherical PEO brushes. The result of this simulation is included in chapter 6 and is
submitted for publication.
In summary, hydrogen bonding between PEO and water is responsible for the high solubility of
PEO and the competition between PEO-water hydrogen bonding and water-water hydrogen
bonding in aqueous environment leads to quicker exchange of water contributing to higher
flexibility of PEO chain. Since water loves to be in contact with PEO, PEO always retains the
hydration shell around it and the thick hydration shell in a polymer brush is a consequence of
hydrogen bonding between PEO and water. The stable hydration shell around PEO helps to prevent
surfaces from the intrusion of foreign particle as well as increases the circulation half-life of
particles. Thus, PEO hydration is one of the important properties that determines its behavior in
many systems and understanding this behavior helps to enhance the design of new nanomaterials
for biotechnology.
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Chapter 2.
Molecular Dynamics Simulation
2.1. Introduction
Molecular dynamics (MD) is one of the simulation methods which is used for computing
equilibrium and transport properties of classical many-body systems.1 MD simulation solves
Newton’s equation of motion for N interacting particles. For a given a potential energy function
for N interacting particles, the force can be obtained by the negative derivative with respect to
position. If 𝑉( 𝑟⃗1 , ⃗⃗⃗⃗,
𝑟2 ⃗⃗⃗⃗,
𝑟3 … … . , ⃗⃗⃗⃗⃗
𝑟𝑁 ) is the potential energy function for N particles, we can obtain
force as,
⃗⃗⃗
𝐹𝑖 = ∇𝑖 𝑉
⃗⃗⃗⃗𝑖
𝑑2 𝑟
𝑑𝑡 2

𝐹
⃗⃗⃗⃗
= 𝑚𝑖 ;

(2.11)
(2.12)

𝑖

where 𝑖 = 1. . 𝑁, ⃗𝑟⃗𝑖 is the position vector and 𝑚𝑖 is the mass of 𝑖 𝑡ℎ particle. Solving equation 2.12
gives us the velocity and coordinates for individual particles at a given time t. This instantaneous
coordinate, velocity and forces can be used to calculate various equilibrium and transport
properties of a system. There are many software packages that are capable of carrying out MD
simulations, eg. GROMACS, LAMMPS, AMBER, CHARMM etc. Since we use GROMACS
(GROningen Machine for Computer Simulations) for MD simulations, the description of
algorithms will be based on what is available/implemented in GROMACS.2 In order to solve these
equations of motions numerically, we have various choices of algorithms. Out of many existing
algorithms, we use the leap-frog algorithm which is the default integrator in GROMACS. The
leap-frog algorithm1 can be summarized by equation 2.13 and 2.14, where it uses positions 𝑟⃗ at
1
time 𝑡, velocities 𝑣 at time 𝑡 − 2 Δ𝑡 and updates 𝑟⃗ 𝑎𝑛𝑑 𝑣⃗ iteratively using forces 𝐹⃗ (𝑡) and
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equations 2.13 and 2.14. This algorithm gets its name leap-frog as velocity(𝑣⃗) and position (𝑟⃗)
leap over each other as shown in figure 2.11
1
1
Δ𝑡
𝑣⃗ (𝑡 + Δ𝑡) = 𝑣⃗ (𝑡 − Δ𝑡) +
𝐹⃗ (𝑡)
2
2
𝑚

(2.13)

1
𝑟⃗(𝑡 + Δ𝑡) = 𝑟⃗(𝑡) + Δ𝑡 𝑣 (𝑡 + Δ𝑡)
2

(2.14)

Figure 2.11: Pictorial representation of leap-frog algorithm showing alternate half-time
calculation of positions and velocities.
2.2. Interaction Potentials and Force-Field
As mentioned in section 2.1, the potential energy function defines the complex energy landscape
of molecular interactions which determines the overall properties of the system. The target of
molecular dynamics simulation is to reach a global minimum state of this energy landscape and
explore different states of the system in accordance with the ergodic hypothesis. In general, the
molecular mechanics potential energy function consists of bonded and non-bonded interaction
terms. The non-bonded interaction consists of Van der Waals interactions and electrostatic
interaction. Van der Waals interaction in general is represented by either the Lennard-Jones
potential(LJ) or Buckingham Potential. The LJ potential can be written as:
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𝜎12

𝜎6

𝐶 12

𝑖𝑗

𝑖𝑗

𝑖𝑗

𝐶6

𝑉𝐿𝐽 = 4𝜖 ( 𝑟 12 − 𝑟 6 ) or ( 𝑟𝑖𝑗12 − 𝑟𝑖𝑗6 ) where 𝐶𝑖𝑗6 = 4𝜖𝜎 6 , 𝐶𝑖𝑗12 = 4𝜖𝜎 12

(2.21)

𝑖𝑗

Here, 𝜎, 𝜖 represent Lennard-Jones parameters, 𝑟𝑖𝑗 represents interatomic distance between atoms
i and j. If the LJ parameters are not defined between hetero atoms, then GROMACS uses three
types of combination rule:

𝐶𝑖𝑗6 = √𝐶𝑖𝑖6 𝐶𝑗𝑗6 and 𝐶𝑖𝑗12 = √𝐶𝑖𝑖12 𝐶𝑗𝑗12

a) Geometrical Averages:

1

𝜎𝑖𝑗 = 2 (𝜎𝑖𝑖 + 𝜎𝑗𝑗 ) and 𝜖𝑖𝑗 = √(𝜖𝑖𝑖 𝜖𝑗𝑗 )
b) Lorentz-Berthelot rules:

(2.22)
(2.23a)

or
𝜎𝑖𝑗 = √𝜎𝑖𝑖 𝜎𝑗𝑗 and 𝜖𝑖𝑗 = √(𝜖𝑖𝑖 𝜖𝑗𝑗 )

(2.23b)

Bonded interactions in general consist of bond interaction, angle interaction and dihedral
interaction but can have some extra parameters depending on the constraints in the system. The
bond vibration energy is represented by harmonic potential:
𝑟𝑖𝑗0
i

𝑉𝑏𝑜𝑛𝑑 =

j

1
2
𝑘𝑏 (𝑟𝑖𝑗 − 𝑟𝑖𝑗0 )
2

(2.24)

Here 𝑘𝑏 and 𝑟𝑖𝑗0 represent respectively the force constant and equilibrium bond distance for bonded
atoms i and j. Similarly, the bond-angle vibration between atoms i-j-k is also represented by
harmonic angle potential:
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i

k

0
𝜃𝑖𝑗𝑘

𝜃
0
𝑉𝑎𝑛𝑔𝑙𝑒 = 𝑘𝑖𝑗𝑘
(𝜃𝑖𝑗𝑘 − 𝜃𝑖𝑗𝑘
)

2

(2.25)

j

𝜃
0
Here, 𝑘𝑖𝑗𝑘
and 𝜃𝑖𝑗𝑘
represent force constant and equilibrium angle for angle between atoms i, j and

k.

l
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𝜙
j

𝑉𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙𝑠 = ∑ 𝐶𝑛 (𝐶𝑜𝑠(𝜓))
𝑛=0

k

𝑛

(2.26)

𝜓 = 𝜙 − 180°
i

For the dihedral interaction equation 2.26 is used and 𝐶0 … . 𝐶5 are the dihedral parameters and 𝜙
is the dihedral angle. This is a proper dihedral using Ryckert-Bellemans potential. If necessary
improper dihedrals are also implement. There are many different force fields existing in the
literature. Some of the popular force fields include, OPLS, CHARMM, GROMOS, AMBER etc.
Most of our simulations were done using an OPLS all atom force field.3
2.1. Temperature and Pressure Coupling
To mimic the experimental reality, the simulation is carried out either in a canonical(NVT)
ensemble or an isobaric-isothermal(NPT) ensemble which requires a thermal and pressure bath to
couple with the system. There are many thermostats as well as barostats but one should be careful
in choosing them and should follow the correct protocol to avoid any artifact.
Berendsen Thermostat:
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The Berendsen algorithm4 is a weak coupling scheme in which a system couples to an external
bath with a given temperature 𝑇0 . This thermostat slowly corrects the thermal deviation from
temperature 𝑇0 according to:
𝑑𝑇 𝑇0 − 𝑇
=
𝑑𝑡
𝜏

(2.31)

where 𝜏 is coupling time constant and T is the temperature of the system. Solving this equation,
we find that a temperature deviation from the target temperature decays exponentially with a time
constant 𝜏. This scheme helps to reach the target temperature quickly and facilitates faster
equilibration with a short coupling constant. However, for reliable equilibrium runs in order to
preserve conservative dynamics a larger coupling time is required. One of the drawbacks of using
Berendsen thermostat is that is suppresses the fluctuation of kinetic energy which prevents from
generating correct canonical ensemble.1 This error in temperature fluctuation scales as 1/N and for
larger system this error tends to be small but extreme care should be taken in calculating properties
for eg. heat capacity which comes directly from the thermal fluctuations.
Velocity-rescaling Thermostat:
Velocity-rescaling thermostat is an extension of Berendsen thermostat designed to produce the
correct canonical ensemble. In this method a random force is added in a way such that it enforces
correct redistribution of kinetic energy.5 However, the drawback of this system is that when system
size is small or when the observable quantities depends on fluctuations rather than on averages,
this method cannot be used.5
Nose-Hoover Thermostat:
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As mentioned earlier, the weak-coupling algorithm doesn’t produce the correct canonical
ensemble. The Nose-Hoover thermostat6,7 produces a canonical ensemble when the system is
ergodic. In cases when the observables of interest require using temperature fluctuations as is the
case for the heat capacity, it is not desirable to use Berendsen or velocity-rescale thermostat. The
general idea is to use Berendsen thermostat which is extremely efficient for relaxing the system to
target temperature. Once the target temperature is reached, it is better to use a thermostat that
produces the correct canonical ensemble. Berendsen thermostat is efficient as it has exponential
relaxation as compared to the Nose-Hoover thermostat which yields oscillatory relaxation and
helps to reduce the time to reach the equilibrium temperature in short time. Thus, the general idea
is to use Berendsen thermostat for the initial relaxation of the system and once the target
temperature is reached, it is better to use a thermostat that produces the correct canonical
ensemble.1,5
Pressure Coupling
Most of the equilibration simulation and even production simulation is run in the isobaricisothermal ensemble (NPT) to mimic the real system. Therefore, we need to ensure that the
pressure bath will couple to the system. Pressure coupling helps to equilibrate the system and
maintain the real density of the system. In GROMACS, we can use either an isotropic pressure
coupling or semi-isotropic pressure coupling algorithm. For systems with interfaces where
pressure coupling requires only two dimensions, semi-isotropic pressure coupling is used
otherwise isotropic pressure coupling is used. Pressure coupling follows the similar principle as
temperature coupling. GROMACS supports two pressure coupling schemes:
Berendsen Barostat:
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The Berendsen pressure coupling algorithm4 rescales the coordinates as well as the simulation box
vectors after every coupling steps with a matrix 𝝁, which relaxes the system towards the barostat’s
reference pressure 𝑷0 using the following equation:
𝑑𝑷 𝑷0 − 𝑷
=
𝑑𝑡
𝜏𝑝

(2.31)

The scaling matrix 𝝁, is given by

𝝁=𝟏−

β Δt
(𝑷 − 𝑷(𝑡))
3𝜏𝑝 0

(2.31)

where 𝛽 is the isothermal compressibility,𝜏𝑝 is the relaxation time constant and P(t) is the
instantaneous pressure.
Parrinello-Rahman Barostat:
Similar to temperature fluctuations, if the pressure fluctuations (or volume fluctuations) are
important to calculate a thermodynamic property, we need to couple the system that produces a
true NPT ensemble. In this sense, weak coupling schemes like Berendsen fails to produce correct
ensemble and hence we use Parrinello-Rahman barostat8,9 which is similar to Nose-Hoover
temperature coupling and produces true NPT ensemble.
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Chapter 3.
Polyethylene Oxide in Solutions
3.1.Introduction
The role of amphiphilic water-soluble polymers in nanomaterial design and its application in
polymer industry to biomedicine is widespread. One of the most commonly used polymers of this
class is Polyethylene oxide (PEO). One of the main factors what determines the conformation of
a polymer in solution is the volume interaction with solvent and therefore an unfavorable
interaction (bad solvent) with solvent causes the polymer collapse whereas a favorable interaction
(good solvent) with solvent leads to expanded conformation. The solubility of polymer in protic
solvents(proton-donating) depends on the extend of hydrogen bonding. While the equilibrium
static behavior of hydrogen bonding is studied in experiments and simulations,1–11 not much has
been studied on dynamics of hydrogen bonding and its role in dynamical behavior of polymers.2,12–
14

Even more interesting and less understood is the behavior of polymer is mixed solvents capable

of forming hydrogen bonds with polymer and each other. One of the complex behavior of mixture
of good solvents is the origin of cononsolvency due to competition of hydrogen bonds. In this
chapter we discuss the details of all-atom simulations of the effect of dynamics of solvation of
PEO in water, isobutyric acid and their mixture at different concentrations to understand its effect
on PEO conformation and local chain dynamics.
While the PEO-water system has been extensively studied both in experiments and in computer
simulations but in other solvents where solvent is capable of forming hydrogen bonds is not studied
as extensively as in water. A polymer can behave differently in mixture of different good solvents
compared to pure solution where behavior would be completely different. Experimental reports
show that PEO forms helical structure in isobutyric acid15–17 which is different from other good
17

solvents including water where PEO forms a coil-like structure in dilute or semi-dilute conditions.
PEO is known for its 310 helical conformation in crystalline state in presence of small amount of
water18–20 or under confinement of carbon nanotube21 but not as a free chain in solutions. The helix
formation in isobutyric acid hasn’t been studied yet by computer simulations and still remains a
subject to understand such behavior at molecular level. Here, we present the result of computer
simulations of helix formation in isobutyric acid and the insightful result obtained from comparing
behavior of PEO in aqueous and isobutyric acid solutions. This sort of comparison contributes to
our understanding of polymer behavior in various solvents which are capable of forming hydrogen
bonds with solute and/or each other. The behavior of polymer in mixed solvent may differ
significantly from that in pure solvent and the conjecture drawn for mixed solvent from the
knowledge of pure solvents would not suffice to explain the real properties of polymers. If the
miscibility is greatly affected by the presence of polymer or solvent concentration, then the
question becomes where polymer would prefer to reside in binary mixture, how the behavior would
be different from one phase state to two phase state and what role hydrogen bonding plays in these
circumstances.22,23 This chapter outlines the general conformational behavior in pure water and
organic solvents and the behavior of PEO in mixed isobutyric acid/water and help to increase our
understanding of polymer behavior in mixture of solvent capable of forming hydrogen bonds.

3.2. Simulation Details
We performed atomistic molecular dynamics simulations of polyethylene oxide (PEO) in different
solvents using the GPU version of GROMACS-4.6.5. We used the OPLS force-field24 for
isobutyric acid, benzene and hexane and the SPCE model for water. It has been discussed in
literature that OPLS,24 as well as the GROMOS model of PEO, has lower partial atom charges
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than necessary to reproduce correctly the polymer behavior in general and hydration in particular,
which has led to several modified models for PEO.3,10,11,25 We followed this trend and slightly
modified charges for PEO (-0.48e for oxygen and 0.06e for hydrogen) in agreement with the
modified united atom model to reproduce correctly PEO conformation and other properties in
different solvents, as discussed below. We studied CH3-O-[CH2-CH2-O]n-CH3 chains of different
lengths n=9,18,17 and 36 with most of the results described for n=36. To make PEO hydration
homogeneous along the chain we used a -0.41e charge on the terminal oxygens. All bonds were
constrained using the LINCS algorithm. We performed NVT simulations for the initial
equilibration and NPT simulations for the production run with simulation times ranging from 20ns
to 200ns (with the integration time step 2fs) depending on the system size. The system was
equilibrated at T=298K and pressure 1 bar. The Berendsen barostat with the coupling constant of
1ps was used for pressure coupling. Temperature coupling was done using the Berendsen
thermosat with coupling constant of 1ps, which has been extensively used in molecular dynamics
simulations of PEO in aqueous solutions. Electrostatic interactions were calculated using PME
(Particle-Mesh Ewald) summation. A long-range dispersion correction was applied for energy and
pressure. To characterize the shape of the polymer we calculated the asphericity26 of the chain:
1
𝐴𝑠𝑝ℎ𝑒𝑟𝑖𝑐𝑖𝑡𝑦 = 𝜆1 − (𝜆2 + 𝜆3 )
2

(3.21)

where 𝜆′ 𝑠 are the principal components of the diagonalized tensor of gyration with eigenvalues in
descending order 𝜆1 ≥ 𝜆2 ≥ 𝜆3 . An asphericity equal to zero corresponds to a sphere and a larger
asphericity reflects the deviation from a spherically symmetric shape.

The trace of this

diagonalized gyration tensor yields the radius of gyration as 𝑅𝑔 = √𝜆1 + 𝜆2 + 𝜆3 . We studied the
hydration of PEO by analyzing the water hydrogen bonded to polymer and the overall number of
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hydrogen bonds. We used a geometrical criterion for h-bonds, (donor-acceptor distance)
𝑟𝐷𝐴 ≤ 3.5Å and (hydrogen-donor-acceptor) 𝐻 − 𝐷 − 𝐴 angle ≤ 30°. For calculation of the
residence time of water and/or isobutyric acid hydrogen bonded to PEO, we extracted our data for
the analysis every 1ps and every 10 ps, correspondingly. For visualization of chain conformation
and hydration, Visual Molecular Dynamics (VMD)27 has been used.

3.3. Result and Discussion
3.3.1. PEO in Hexane, Benzene and Water:
We first investigated the single chain PEO in pure solutions (benzene, hexane, water and isobutyric
acid) and we find that PEO forms coil-like conformation in benzene and water where both water
and benzene are good solvents. In isobutyric acid PEO shows nearly rod-like extended and helicallike conformation and globule like collapsed conformation in hexane in agreement to experimental
observations.15,28–32 Figure 3.31 shows the globule like conformation in hexane, coil-like in water
or benzene and extended rod-like conformation in isobutyric acid. The chain dimension can be
characterized by the average radius of gyration (𝑅𝑔 ) and end to end distance (𝑅𝑒𝑛𝑑 ). Table 3.31
shows the average radius of gyration and end-to-end distance for PEO in different solvents. From
the table, we see that the collapse globule chain in hexane has an end-to-end distance
𝑅𝑒𝑛𝑑 = 1. 6𝑛𝑚, coil-like chain in water or benzene with 𝑅𝑒𝑛𝑑 ≈ 3𝑛𝑚 in benzene and expanded
conformation in isobutyric acid shows 𝑅𝑒𝑛𝑑 ≈ 6𝑛𝑚. The obtained values for the radius of
gyration agree well with experimental and computer simulations data.15,17,28,32–34 Comparing the
size distribution for the radius of gyration and end-to-end distance of PEO in water and in
isobutyric acid shown in Figure 3.32, one can see that it follows typical Gaussian-like shape for
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b

c

Figure:3.31: Snapshots for PEO (n=36) conformation in a) Hexane b) water and c) isobutyric
acid respectively.
water and is noticeably narrower in isobutyric acid. The size distribution reflects the obvious
𝑅𝑒𝑛𝑑

difference in chain conformation seen in Figure 3.31. Aspect ratio(

𝑅𝑔

) is one of the shape

descriptors which helps us to understand the shape of a polymer chain. A Gaussian coil has an
𝑅𝑒𝑛𝑑 /𝑅𝑔 = √6 = 2.45, while for a cylinder 𝑅𝑒𝑛𝑑 /𝑅𝑔 = √12 = 3.46. For PEO in water
𝑅𝑒𝑛𝑑 /𝑅𝑔 ~2.50 ± 0.51 (with a similar value in benzene) as shown in Table 3.31 which confirms
that PEO behaves as a Gaussian-like chain, while in isobutyric acid 𝑅𝑒𝑛𝑑 /𝑅𝑔 ~2.87 ± 0.22
indicating that PEO conformation is closer to a rod-like shape, in agreement with experimental
observations.15,17,32 The asphericity, calculated using eq. 3.21, provides an even more sensitive
measure of chain shape in different solvents. Indeed, as is seen from Table 1, in hexane the
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asphericity for a PEO chain with 36 repeat units is about 0.2 (corresponding to a nearly perfect
sphere), in water and benzene it is about 1.2-1.3, as expected for a Gaussian-like chain. In
isobutyric acid the asphericity is about 3.5, consistent with the strongly non-spherical shape, as is
seen in Figure 3.32b.

Table 3.31. The average end-to-end distance 𝑅𝑒𝑛𝑑 , radius of gyration, 𝑅𝑔 , aspect ratio
𝑅𝑒𝑛𝑑 /𝑅𝑔 and asphericity (eq. 1) for PEO in different solvents.
SOLVENT

Rend (nm)

Rg (nm)

Rend /Rg

Asphericity (nm2)

Hexane

1.61±0.6 0.75±0.08

2.15±0.78

0.21±0.13

Benzene

3.08±1.3 1.30±0.30

2.32±0.71

1.18±0.87

Water

3.42±1.0 1.35±0.19

2.50±0.51

1.31±0.62

5.95±0.46 2.07±0.08

2.87±0.22

3.50±0.70

Isobutyric Acid

One of the main factors for different PEO conformation in different solvents is the volume
interaction of PEO with solvent but when the solvent is capable of forming hydrogen bond, the
overall conformation will be the result of both volume interaction and hydrogen bonding.
Theoretical studies always seem to consider volume interaction argument in defining various
conformational behavior but not much has been discussed pertaining to the role of hydrogen
bonding other than in defining phase separation or coil-globular transition. Even though both water
and isobutyric are protic solvents, we yet see the significant difference in the PEO chain
conformations as can be seen in figure 3.32. This indeed requires deeper investigation to fully
understand the role of hydrogen bonds.
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Figure 3.32: Radius of gyration 𝑅𝑔 (a) and end-to-end distance 𝑅𝑒𝑛𝑑 (b) distributions for PEO
(n=36) in water (solid symbols, red) and in isobutyric acid (IBA, open symbols, black).

Hydrogen bonding and in general hydration of PEO in water is actively discussed for decades.
Depending on the experimental technique used or the definition applied to computer simulations,
the hydration number i.e. the number of water per repeat unit of PEO varies from 1 to
6.1,4,5,7,8,12,35,36 We used the geometrical criteria for calculation of hydrogen bonds as explained in
simulation details section 3.2. If not using geometrical criteria, one can use energy criteria for
hydrogen bonding which also leads to very similar results as obtained by geometrical criteria.37
Figure 3.33a., shows the water molecules hydrogen bonded to PEO(n=36). On average, there are
0.83 ± 0.06 hydrogen bonded water molecules and 1.2 ± 0.07 hydrogen bonds per repeat unit of
PEO, as shown in Table 3.32. The PEO water hydrogen bond analysis shows two categories of
hydrogen bonded water: water forming a single hydrogen bond to PEO oxygen (“singly-bonded
water”) and water having two hydrogen bonds with two oxygens of PEO (“doubly bound water”).
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The singly-bonded water has only one site bonded to PEO whereas doubly bonded water has both
hydrogens bonded to PEO.
Doubly-bound water normally connects the i and i+2 oxygens of PEO, as is seen in Figure 3.33a,
thereby stabilizing the bent TGT conformation of PEO chain segments, in agreement with reports
on the enhancement of TGT conformers in water (compared to dimethoxymethane).38–40 Doublybound water connecting i and i+2 oxygens of PEO has been previously reported in quantum

Figure 3.33: a) PEO water hydrogen bonds showing singly bonded waters (blue), doubly
bonded waters (green) and bridged water molecules (orange). The dashed line represents
hydrogen bonds for respective water molecules. b) Solvation layer of water (red lines) around
PEO at a uniform distance from PEO. Dashed lines (green) represent hydrogen bonding
between water-water as well as PEO water.
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mechanical calculations as one of the most favorable water arrangements near PEO and has been
suggested experimentally by results of IR spectroscopy. 41
Comparing the number of single and doubly bonded waters to PEO, we found that singly bonded
waters are 1.4 times more abundant than doubly bound waters, as is seen from Table 3.32, but the
contribution to the overall number of hydrogen bonds is 1.42 times larger for doubly bonded
waters. Furthermore, doubly bound waters play a major role in PEO conformation stabilization
and local chain dynamics as will be discussed below. Besides doubly bonded water, some
additional stabilization of the polymer conformation can come from water bridging the first
hydration shell, i.e. forming two hydrogen bonds (doubly bonded) with water directly bound to
PEO, as shown in Figure 3.33a. While the number of such “bridge waters” is more than 6 times
smaller than number of waters directly hydrogen bonded to PEO (Table 3.32), the dynamics of
these “bridge waters” can be noticeably affected by the behavior of the water in the first hydration
shell. Thus, it is likely that the rotational dynamics of water directly hydrogen bonded to PEO as
well as the “bridge waters” can be slower than that in bulk water, which leads to the overall value
of 0.97 “slower rotating waters” per repeat unit of PEO, in agreement with NMR relaxation
measurements and differential scanning calorimetry showing which suggest one bound water
molecule per repeat unit of PEO.42–45

In addition to water molecules hydrogen bonded to PEO, there are also water molecules in direct
contact with PEO but forming no hydrogen bonds. Using the same distance criterion as for
hydrogen bonding, i.e. accounting all water molecules within 3.5Å from any atom of the polymer,
we arrived at ~5.82 water molecules per repeat unit of PEO, which matches the experimentally
determined hydration number of 5.5 based on dielectric relaxation and ultrasonic
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measurements.7,46,47 These waters, which include hydrogen bonded waters, can be viewed as the
PEO hydration shell, as shown in Figure 3.33b. Several experimental reports1,9,36,48 arrived at a
hydration number of ~2.4 water molecules per repeat unit of PEO using acoustic, DSC and IR
measurements. If we account for water molecules hydrogen bonded to PEO plus water molecules
hydrogen bonded to them, then such a hydration shell would consist of 2.49 ± 0.2 water molecules
per repeat unit. Also, if we consider all water separated by 3.5Å from PEO, then we arrive at 1.5
water per repeat unit of PEO. These hydration numbers are consistent with the experimentally
obtained values that range from 1.6 to 3.7.1,48,49

Table 3.32: The average number of hydrogen bonds, singly and doubly bonded water, bridged
water, total water and hydrogen bonded isobutyric acid molecules per repeat unit of PEO.

Solvent

h-bond

Doubly Bonded

Singly Bonded

Total directly

number

water

solvent

h-bonded
water

First Shell Water

1.213±0.073

0.347±0.056

0.489±0.097

Bridged Water

0.201±0.092

0.071±0.040

-

Isobutyric acid

0.847±0.050

-

0.847±0.050

0.836±0.060

Besides the hydration number, which represents the equilibrium number of water molecules
hydrogen bonded or otherwise interacting with PEO in aqueous media, the dynamics of the water
near the PEO can be equally important in understanding properties of PEO. As the lifetime of a
hydrogen bond is rather small,13,50 it is more informative to calculate the residence time of water
hydrogen bonded to any oxygen of PEO. To this end we marked all water molecules hydrogen
bonded to PEO at time t=0 and calculated the following correlation function:
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𝑁 (𝑡)

𝐶(𝑡) = ⟨𝑁𝑤(0)⟩

(3.32)

𝑤

where 𝑁𝑊 (0) is total number of water molecules hydrogen bonded to PEO at time 𝑡 = 0 and
𝑁𝑤 (𝑡) is the number of water molecules among those originally marked which remain hydrogen
bonded to (not necessary to the same oxygen of) PEO at time t. The ensemble average of the
residence time autocorrelation function for singly bonded, doubly bonded and total water
molecules hydrogen bonded to PEO are shown in figure 3.34 as functions of time. The residence
time for the total water molecules hydrogen bonded to PEO include all water molecules regardless
whether they are singly or doubly bound to PEO.

As is seen from figure 3.34 the correlation function C(t) for singly bound water decreases most
rapidly, while C(t) for the total water and doubly-bound water decays more slowly. In all cases the
C(t) dependences can be fitted by a triple exponential decay function

𝐶(𝑡) = 𝐴1 𝑒

−

𝑡
τ1

+ 𝐴2 𝑒

−

𝑡
τ2

+ 𝐴3 𝑒

−

𝑡
τ3

(3.33)

where 𝐴1 , 𝐴2 , 𝐴3 = 1 − 𝐴1 − 𝐴2 , 𝜏1 , 𝜏2 and 𝜏3 are fitting parameters, which are listed in Table 3.
As is seen from Table 3, about 30% of singly bonded water is short-lived with τ1=12ps (which is
of the order of the hydrogen bond lifetime13), while the majority (~50%) of singly bound water
has a residence life time of 𝜏2 ~70𝑝𝑠 and ~20% of long-lived singly bound water with 𝜏3 ~330𝑝𝑠.
The latter likely corresponds to the water bridge sequence shown in figure 3.33a. Among doubly
bound waters the majority has a residence life time of ~120𝑝𝑠 and about 20% of doubly bound
water is long-lived with 𝜏2 = 440𝑝s. As expected, doubly bound water has a significantly longer
lifetime compared to singly bound water: on average the residence time of doubly bound water
nearly twice longer than that for singly bound water, which confirms its stabilizing role in e.g.
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helix formation under confinement.21 The analysis of all water hydrogen bonded to PEO
(regardless singly or doubly bound) shows that there is about 18% of short-lived water with
𝜏1 = 13𝑝𝑠, similar to singly bound water, the majority of hydrogen bonded water has a residence
lifetime of ~100𝑝𝑠, which is only slightly shorter than the lifetime of doubly bound water and
there is also about 18% of long-lived water with 𝜏3 = 420𝑝𝑠, also consistent with doubly bound
water.

Figure 3.34: Residence time autocorrelation function eq. 3.32 of singly bonded (open
triangles), doubly bonded (open circles) and total water hydrogen bonded to PEO (solid
squares) and residence time autocorrelation function for isobutyric acid hydrogen bonded to
PEO (crosses).
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Table 3.33: Fitting parameters for eq. 3.33 for the hydrogen bonded solvent residence time
correlation functions C(t).
A1

τ1(ps)

A2

τ2(ps)

A3

τ3(ps)

Singly Bound Water

0.32

12.0±0.3

0.49

69.8±0.9

0.18

332.9±3.2

Doubly Bound Water

0.80

124.0±0.9

0.20

443.6±6.5

-

-

Total Bound Water

0.18

12.9±0.4

0.64

101.5±0.7

0.18

422.1±3.6

Bound Isobutyric Acid

0.06

278.8±12.0

0.61

4522.3±14.7

0.33

22687.0±75.7

Type

Compared to aqueous solution, PEO in isobutyric acid has a more expanded conformation, as
discussed above and as is seen in figure 3.31. Furthermore, in agreement with experimental
data15,17 PEO has more helical conformation, at least locally, as is shown in figure 3.35. The helical
conformation is rather similar to that for PEO in the crystal state.19,20,51,52 Indeed the period of the
helix in isobutyric acid, 19.3Å is only slightly smaller and somewhat wider (3.9Å in diameter)
than that in crystal state (19.48Å period with 3.3-3.5Å in diameter)51. The helix rise (i.e. the pitch
per repeat unit) of 2.4Å is smaller than in crystal state (2.78Å ), but rather similar to the helix
formed by PEO inside narrow carbon nanotubes (2.5Å helix rise)21 which in all cases corresponds
to the so-called 310 helix in Bragg’s nomenclature. Similar to what we have found in the case of
PEO inside narrow carbon nanotubes, helix stabilization is due to the formation of stable hydrogen
bonds, as shown in figure 3.35. In the case of isobutyric acid there are on average 0.85 ± 0.05
hydrogen bonds per repeat unit of PEO, i.e. practically each oxygen forms one hydrogen bond
with an isobutyric acid molecule. These hydrogen bonds are quite stable. Indeed, the residence
time autocorrelation function eq. 3.32 for isobutyric acid exhibits a very slow decay, as is seen in
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figure 3.34 and can be fitted by a triple-exponential decay function with the fitting parameters
shown in Table 3.33. As is seen, the majority (~60%) of isobutyric acid molecules has a residence
lifetime of ~4500ps which is 45 times larger than that for water (100ps) with 30% of isobutyric
acid having even longer residence lifetime of ~23000 ps. This can be attributed to larger size of
the isobutyric acid molecule, which diffuses much slower than water, but can also be due to a
different energy of the hydrogen bond. Despite the stable hydrogen bonding, the helical
conformation PEO in isobutyric acid is not universal – helical sections alternated with folded and
deformed sections of the chain, as is seen in figure 3.35. The main reason is the entropic gain
corresponding to less regular conformations.
The observed difference in hydrogen bond stability between PEO-water and PEO-isobutyric acid
(Figure 3.34) manifests itself not only in conformational differences (Figure 3.31), but also in
chain flexibility. High flexibility of PEO in water is believed to be one of the reasons for PEO
exceptional capability to inhibit protein adsorption, as the high segmental mobility of the polymer

Figure 3.35: Simulation snapshot of PEO conformation for a portion of the chain and hydrogen
bonding (green dashed lines) between PEO and isobutyric acid (shown in pink). The lower
picture shows a helical portion of the PEO chain (hydrogens are omitted for clarity).
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precludes stable protein attachment.53 As a measure of the rotational segmental polymer dynamics,
we calculated the orientation autocorrelation function for end-monomer O-C-C-O vector, shown
in figure 3.36:
𝑃(𝑡) =< 0.5(3𝐶𝑜𝑠 2 𝜃 − 1)>

(3.34)

where 𝐶𝑜𝑠𝜃 = 𝒖𝒊 (0) ∙ 𝒖𝒊 (t) and 𝒖𝑖 = 𝒓𝑂𝑖 − 𝒓𝑂𝑖+1 /|𝒓𝑂𝑖 − 𝒓𝑂𝑖+1 | is the unit vector along the last
(O-C-C-O) monomer. In practice, we have averaged the contribution from both ends. The
autocorrelation functions for PEO in water and in isobutyric acid are compared in figure 3.36. As
is seen, the autocorrelation function sharply decays for PEO in water indicating high flexibility.
The

correlation

(𝑃(𝑡) = 𝐴0 + 𝐴1 𝑒

function
−

𝑡
τ1

+ 𝐴2 𝑒

can
−

𝑡
τ2

be

successfully

fitted

by

a

double

exponential

), with fitting parameters listed in Table 4. As is seen, the

Figure 3.36: Tail orientation autocorrelation function for PEO in water and isobutyric acid. The
inset shows the schematic representation of the tail O-C-C-O vector for which autocorrelation
function eq. 3.34 is calculated.
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fastest component has a lifetime comparable to that of a hydrogen bond, while the main relaxation
time is about 50ps, demonstrating that only a short time scale is sufficient to dissipate any
correlations with initial tail conformation.
As for isobutyric acid, the tail orientation autocorrelation function, eq. 3.34, exhibits a noticeably
slower decay compared to water (figure 3.36). As is seen in Table 3.34, The characteristic decay
time for isobutyric acid is one order of magnitude larger than that for water which is consistent
with both the slower solvent diffusion and longer residence time of hydrogen bonds in isobutyric
acid. A higher rigidity of PEO helix in isobutyric acid has also been experimentally reported.15,17

Table 3.34: Fitting parameters of double exponential decay function for the PEO tail
orientation autocorrelation function eq. 3.34 in water and isobutyric acid.
Solvent

A0

A1

τ1 (ps)

A2

τ2(ps)

Water

0

0.30

5.6±0.2

0.70

49.2±0.3

Isobutyric acid

0.02

0.42

38.6±3.6

0.56

676.1±13.6

PEO in water/isobutyric acid mixed solvent
As is seen from the discussion above, the PEO chain conformation and its rotational segmental
dynamics are dependent on solvent properties – in water PEO forms a coil-like structure, which is
very flexible with a rather short residence time of hydrogen bonded water, while in isobutyric acid
PEO exhibits a non-ideal helical structure with folds and distortions, with a considerably longer
residence time of hydrogen bonded solvent and slower chain mobility, accordingly. Having this
obvious difference in behavior, it is informative to analyze the PEO conformation in mixed
water/isobutyric acid solvent. In accordance with experimental data16,54–56 we observe that addition
of up to about 10 wt.% of water to isobutyric acid results in homogeneously mixed solution, which
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phase separates at any higher water content up to about 95wt% of water, when solution becomes
miscible again (figure 3.37).At low water content (<10wt.%) the PEO conformation remains

Figure 3.37: Computer simulations snapshots of PEO in mixed water/isobutyric acid
solutions with weight fraction of water: 0.2 (a), 0.5 (b), 0.95 (c) and 0.98 (d). Isobutyric acid
is shown in blue color.

33

helical and in general very similar to that in pure isobutyric acid (figure 3.37), i.e. 𝑅𝑔 and 𝑅𝑒𝑛𝑑
remain practically unchanged, as is seen in figure 3.38 and in supplemental material in ref 59.
In the phase-separation region (with water content between 10wt% and 95wt%), PEO resides in
isobutyric-rich phase, as is seen in figure 3.37, in agreement with experimental observations.16
With an increase in water content in phase separated region chain bending becomes more
pronounced and defects in the helical regions become more common, as more water finds its way
to the PEO vicinity (figures 3.37,3.38). Accordingly, the end-to-end distance (and 𝑅𝑔 ) of PEO
decreases, as is seen in figure 3.38. At the upper boundary of phase-separated region (~90-95wt%
of water), the PEO size becomes affected by the size of a droplet of the isobutyric-rich phase.
Furthermore, upon development of phase separated phases from a homogeneous solution the PEO
chain acts as a nucleating agent for the isobutyric-rich phase accelerating the process, as can be
seen in supplementary of ref. 59. At high water content (>95wt%) the PEO chain retains no helical
sections and behaves in a similar manner as in pure water.
To better understand solvent organization around the PEO molecules we analyzed the hydrogen
bonding of isobutyric acid and water to PEO in mixed solvent. As is seen from figure 3.38, addition
of a small amount of water to isobutyric acid, results in a corresponding substitution of isobutyric
acid hydrogen bonded to PEO by water. The hydrogen bonded water mostly forms two hydrogen
bonds with PEO oxygens (as usual, connecting the i and i+2 oxygens of PEO), as shown in figure
8a, to maintain the maximally possible degree of hydrogen bonding in this mixed solvent. An
increase in water content systematically decreases the fraction of isobutyric acid molecules
hydrogen bonded per repeat unit of PEO and stabilizes at about 0.2 molecules per repeat unit of
PEO in the phase separated region. At the same time the fraction of hydrogen bonded water
increases to 0.6 per repeat unit of PEO with the overall number of solvent molecules hydrogen
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Figure 3.38: Molecular dynamics simulation snapshots of a section of PEO chain with
hydrogen bonded water and isobutyric acid in a) one-phase region (~2 wt.% of water) and b)
in phase separated region (50 wt% of water). c) Fraction of isobutyric acid and water hydrogen
bonded to PEO and end-to end distance of PEO Rend as a function of the weight fraction of
water in mixed water/isobutyric acid solvent. Phase separated region is indicated.

bonded to PEO remaining at about 0.8 per repeat unit. We note that in some cases hydrogen
bonding of both water and isobutyric acid to the same oxygen of PEO is observed resulting in an
increase of the number of hydrogen bonds per repeat unit from 0.85 in isobutyric acid to 1.12 in
mixed water/isobutyric acid solution (supplementary in ref 59). In the phase separated region the
fraction of both isobutyric acid and water hydrogen bonded to PEO remains practically unchanged,
as is seen in figure 3.38. In this region, short sequences of water hydrogen bonded to PEO alternate
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with sections of PEO with hydrogen bonded isobutyric acid, as is seen in figure 3.38b. Having a
sequence of water hydrogen bonded to PEO increases chain bending and diminishes the PEO
helicity, resulting a systematic decrease of the end-to-end distance (figure 3.38) and asphericity
(supplementary in ref 59). At the upper boundary of the phase separated region, PEO exhibits only
occasional helix-like sections with the overall size of the chain being close to that in aqueous
solutions. In the water-rich solution with a small fraction of isobutyric acid (<5wt%) the fraction
of isobutyric acid hydrogen bonded to PEO declines and fraction of water hydrogen bonded to
PEO reaches the level observed in aqueous solutions. The PEO size, which is not limited anymore
by the size of isobutyric-rich region, slightly increases and the chain assumes more sphericallysymmetric form, as confirmed by further reduction in asphericity (supplementary in ref 59).

As the dynamic properties of PEO and hydrogen bonded solvents are found to be distinctly
different for PEO in aqueous solution and in isobutyric acid (figures 3.34, 3.36), it is interesting to
test how mixing of these solvents affects these dynamic properties. The residence time
autocorrelation function for water and isobutyric acid hydrogen bonded to PEO in homogenous
and phase separated mixed solvent is shown in figure 3.39a. As is seen at low water content (<10
wt.%) in the one-phase region the residence time of both solvents hydrogen bonded to PEO are
rather similar to that for pure isobutyric acid. While this can be expected for the residence time of
isobutyric acid, for hydrogen bonded water it is a surprising result, as water spends much less time
interacting with PEO in aqueous solution (figure 3.34, Table 3.33). In the homogeneous mixed
solvent, the residence time of water becomes even somewhat longer than that of isobutyric acid,
as is seen in figure 3.39a. The main reason for this effect is that the low water concentration
precludes rapid water diffusion through the solution; so, once water finds its way to PEO it remains
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interacting with it for a prolonged period of time, comparable to that for isobutyric acid. With an
increase of water content, the residence time for both solvents hydrogen bonded to PEO starts to
decrease with the water residence time still exceeding that for isobutyric acid for the majority of
the phase separated region (figure 3.39a). Only close to the upper boundary of the phase separated
region, when the isobutyric-rich region becomes rather small thereby allowing prompt transport
of water from the surrounding water-rich phase, does the residence time of water become smaller
than that for isobutyric acid. The isobutyric acid residence time is also noticeably smaller than in
pure solvent. Finally, in the homogeneous water-rich mixed solvent the residence time of water
becomes comparable to that in aqueous solution, while the residence time for isobutyric acid is
much smaller than that in pure isobutyric acid.
As discussed above, the overall segmental mobility of the chain is related to the residence time of
hydrogen bonded solvent with PEO being very flexible in water and less so in isobutyric acid
(figure 3.36). Thus, it comes as no surprise that in mixed solvent addition of water to the isobutyric
acid results in a systematic enhancement of the PEO chain segmental mobility, as judged by the
tail orientation autocorrelation function shown in figure 3.39b. As is seen from the fitting
parameters for the bi-exponential decay function in the isobutyric-rich mixed homogeneous
solution shown in Table 3.35, the main relaxation time is only slightly smaller than that in pure
isobutyric acid, which is consistent with long residence time of both solvents hydrogen bonded to
PEO (figure 3.39a). In the phase-separated region when the residence time for both hydrogen
bonded solvents starts to decrease, the segmental mobility of PEO starts to increase and the main
lifetime decreases by half in 50:50 (by weight) mixed solvent. At higher water content the
residence time of both solvents become comparable to aqueous solution and accordingly the PEO
segmental mobility approaches its level in aqueous solution as well. Thus, as is seen from figure
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3.39 mixing two hydrogen bond-donating solvents affects both the chain conformation and its
dynamic properties, demonstrating how addition of a solvent can be used to fine-tune the
corresponding polymer properties.

Figure 3.39: a) Residence time autocorrelation function for water and isobutyric acid (IBA)
hydrogen bonded to PEO in mixed isobutyric acid/water solvent (water weight fraction is
indicated near the curves) and corresponding pure solvents. b) Tail orientation autocorrelation
function for PEO in mixed isobutyric acid/water solvent (water weight fraction is indicated near
the curves) and corresponding pure solvents. The inset shows the schematic representation of the
tail O-C-C-O vector for which autocorrelation function eq. 3.34 is calculated.
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Table 3.35: Fitting parameters of double exponential decay function for the PEO tail
orientation autocorrelation function eq. 3.34 in mixed water/isobutyric acid solution.
System

A0

A1

τ1(ps)

A2

τ2(ps)

Pure-IBA

0.02

0.42

38.6±3.6

0.56

676.1±13.6

3%Water

0

0.34

29.4±5.4

0.66

506.4±14.6

50%Water

0.03

0.30

12.9±1.1

0.67

254.1±4.9

90%Water

0

0.32

10.0±0.4

0.68

115.7±1.0

Pure-Water

0

0.30

5.6±0.2

0.70

49.2±0.3

3.4. Conclusions
Using atomistic molecular dynamic simulations, we investigated the role that hydrogen bonding
plays in the conformational and segment dynamic behavior of polyethylene oxide in two hydrogen
bonding–capable solvents, water and isobutyric acid. In agreement with experimental data,15,16,29
we found that at room temperature PEO forms coil-like structure in aqueous solution and a rodlike 310 helical structure in isobutyric acid, analogous to PEO helix formed in crystal state or under
confinement in narrow carbon nanotube19–21,51,52 (figure 3.31). The polymer conformation was
characterized by calculating the radius of gyration, end to end distance and asphericity (Table 1),
which confirm the different spatial arrangements of the polymer in these solvents. To obtain
molecular insights into the origin of these differences in chain conformation we investigated the
solvent arrangement near the polymer and characterized equilibrium and dynamic properties of
hydrogen bonded solvent. We found that in both solvents there is on average about one solvent
molecule hydrogen bonded to the repeat unit of the polymer, but the number of hydrogen bonds is
1.4 times larger in water since about 40% of hydrogen bonded water forms two hydrogen bonds
(doubly bound water) with PEO (Table 2). The existence of doubly bound water was predicted in
quantum mechanical calculations and suggested by experimental data.41,57 The extent of PEO
hydration can be defined in different ways: from directly hydrogen bonded (or bridged) water to
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second shell water or water being in direct contact with polymer leading in agreement with
experimental using different techniques.1,4,45,48,49,58,5,7–9,33,36,43,44 While the number of solvent
hydrogen bonded to PEO is comparable in isobutyric acid and water, the strength of hydrogen
bonding and dynamics of hydrogen bonded solvent may not be the same. We demonstrate that the
residence time of hydrogen bonded isobutyric acid exceeds that for water by more than 40 times
(figure 3.34 and Table 3.33) leading to more stagnant environment for the polymer, which can be
the key factor in stabilization of the helical structure, as our previous work on PEO helix
stabilization under nanotube confinement shows.21 We also characterized and compared segmental
orientational dynamics for the PEO chain in isobutyric acid and water and found that the relaxation
time for tail segment rotational autocorrelation function more than one order of magnitude larger
in isobutyric acid than in water (figure 3.36, Table 3.34). This implies that the slower dynamics of
the hydrogen bonded solvent, as evidenced by the longer residence time for isobutyric acid, affects
both the overall polymer chain conformation and its dynamics including rotational mobility, which
is important for interactions with other (bio)macromolecules.
Given the different conformation and dynamic behavior of PEO in pure isobutyric acid and water,
it was informative to investigate PEO in isobutyric acid/water binary solutions. In agreement with
experimental data,16,54 we found that isobutyric acid and water are miscible only in a relatively
narrow isobutyric acid -rich composition range and in the phase separated region PEO resides in
the isobutyric acid – rich phase (figures 3.37-3.38). For most of the composition range, PEO
conformation somewhat resembles that in pure isobutyric acid and exhibits obvious helical
sections. However, with an increase of water content the residence time of both solvents starts to
decline (figure 3.39) implying larger segmental mobility and a more noticeable chain
bending/distortion of the helical structure. Perhaps the most interesting result is recruitment of a
larger than composition-average fraction of water molecules to the vicinity of PEO - as is seen in
figure 3.38 the fraction of hydrogen bonded water more than twice exceeds that of isobutyric acid
in the phase separated region even though PEO resides with isobutyric acid-rich phase. This
implies that polymer behavior in mixed solvent is far more complex and does not necessary is an
extrapolation of what can be expect based on its behavior in each individual solvent. This is an
interesting area of research, which deserves further attention in the future.
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These results demonstrate the importance of not only the equilibrium hydrogen bonding properties,
but also the dynamics of the hydrogen bonded solvent in determining polymer equilibrium
properties (e.g. conformation, size, solubility) and polymer dynamics. Thus, to achieve a better
understanding of the behavior of any hydrogen bonding-capable polymer system and to be able to
predict and design new materials with desired properties, it is important in future research to
characterize experimentally and to predict theoretically not only equilibrium properties, but also
dynamics of hydrogen bonding.
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Chapter 4
Polyethylene Oxide Under Nanoconfinement
4.1. Introduction
With the rapid development of nanotechnology, the exposure of macromolecules to
nanoconfinement becomes more common. Many material properties, such as biodegradability,
ionization, charge transport etc., are affected by water mobility and accessibility to the polymer
under confinement. A better understanding of interactions and conformational changes for
macromolecules under nanoconfinement is required to improve nanomaterial design and to
anticipate the effect of nanomaterials on the environment. The effect of confinement on the
behavior of biopolymers has been actively discussed, as nanopores and nanoconfinement are
commonly encountered in biology.1–11 However a complete understanding has not been achieved
so far due both to the complexity of the systems and variations in the outcome of nanoconfinement
of biopolymers, e.g. in some cases a helical structure is stabilized and in others it is
destabilized.4,6,12,13 Biopolymer hydration is recognized as an important factor affecting their
secondary and ternary structure with a few reports discussing hydration effects under
confinement.6,14 In contrast to biopolymers, synthetic polymers, which are commonly used in
nanomaterial design, do not exhibit a secondary structure, but some can form hydrogen bonds with
water which ensure their solubility.15–17 The effect of hydration on polymer conformation under
confinement has not been considered so far, as theoretical discussion was focused on
conformational limitations imposed on polymer/biopolymer by confinement 3,18,19 with only a few
computer modeling reports of non-polar polymers entering carbon nanotubes (CNTs) from
solution.20,21 Since the structure and properties (e.g. diffusion) of water under confinement, e.g.
inside CNTs, is quite different from bulk solution,22–26 it is logical to expect that hydration of
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water-soluble polymers will be different under confinement. Polyethylene oxide, PEO, which is
considered in this Letter, is a water-soluble polymer actively used in biomedical applications due
to its biocompatibility and propensity to inhibit protein adsorption.27,28 Understanding of PEO
behavior under nanoconfinement can also be important for developing PEO-based
nanocomposites, separation/sensing membranes and energy applications.29,30 Elucidation of the
water arrangement around the polymer can be challenging to achieve experimentally due to the
required sub-nanoscale resolution. Atomistic molecular dynamic simulations can provide the
necessary level of molecular detail to address this issue and make experimentally-testable
predictions, therefore stimulating and guiding future experimental research.

In this Letter, we present a systematic investigation by means of atomistic molecular dynamic
simulations of spontaneous PEO chain insertion into CNTs from aqueous solutions. We explain
the key role that water plays in this phenomenon and investigate the equilibrium polymer
conformation inside the CNTs as a function of nanotube diameter. We analyze the water
arrangement around the confined polymer and explain the physical origin of unusual PEO helix
formation and its stability inside the CNT. We also make experimentally-testable predictions
regarding the conditions under which water-soluble polymers can be encapsulated into
nanochannels and the PEO helix can be observed. More generally, we demonstrate why hydration
under nanoconfinement is important for predictions of polymer properties essential for
nanomaterial design and applications.

4.2. Simulation Details
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All MD simulations were performed using the GPU version of GROMACS 4.6.5.31 with OPLS all
atom force field32,33 Unless otherwise specified the methyl-terminated polyethylene oxide
contained 36 repeat units. In all simulations CNTs were of finite length (typically 15nm) oriented
in the z-direction, neutral and fixed (frozen). Carbon nanotubes of different chirality/size listed in
Table 4.21 were generated using VMD34 and placed inside a box containing PEO and SPC/E water
molecules. The carbon nanotubes had open ends and were neutral with interactions described by
LJ parameters (𝜎𝑐−𝑐 = 0.355𝑛𝑚, 𝜖𝐶−𝐶 = 0.292𝐾𝐽/𝑚𝑜𝑙 ). In all simulations CNTs were fixed
(frozen) in order to avoid any deformation of the tube during energy minimization. The smallest
nanotube used in the simulation was 7-7 (0.949 nm in diameter) and contained ~36000 atoms
(including PEO and water), while the largest nanotube was 20-20 (2.71nm in diameter) and
contained ~40000 atoms. In all cases CNTs were oriented along the Z-direction and the length of
nanotubes was not less than 15nm. Periodic boundary conditions were implemented in all
dimensions with the box size chosen to accommodate CNTs and polymer in solution, surrounded
by water from all sides. Periodic boundary conditions were implemented in all dimensions with
the box size (typically 4nm×4nm×25nm) chosen to accommodate CNTs and polymer, surrounded
by SPC/E (extended simple point charge model) water from all sides. All simulations were
performed at T=288K using the Berendsen thermostat. To calculate hydrogen bonding between
PEO and water we used geometric criteria: r≤3.5A for the distance between donor and acceptor
groups and θ≤30o for hydrogen-donor-acceptor angle. All visualizations were done using Visual
Molecular Dynamics34.
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Table 4.21: Diameter of the Carbon Nanotube (CNT) corresponding to the chiral indices
(𝑛 − 𝑚) using the equation 𝑑 = 0.783 √𝑛2 + 𝑛𝑚 + 𝑚2
Chiral Indices (n-m)

Diameter of Tube (nm)

7-7

0.95

7-8

1.02

4-11

1.05

8-8

1.09

8-9

1.15

9-9

1.22

9-10

1.29

10-10

1.36

11-11

1.49

12-12

1.63

14-14

1.90

15-15

2.03

20-20

2.71

4.3. Result and Discussion
To study the interactions between the CNT and PEO in aqueous solution the chain was placed and
equilibrated in the vicinity but outside the nanotube. When a polymer chain finds itself in the
vicinity of the outer surface of the CNT a weak polymer adsorption without wrapping around the
CNT is observed, in agreement with results of previous MD simulations.35 When one of the ends
of the PEO chain finds its way into a nanotube a spontaneous and rapid insertion of PEO into the
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nanotube occurs.[44] figure 4.31 shows change in PEO coordinates upon insertion into a 8-8 CNT
of 1.085nm diameter d (d=(n2+m2+nm)1/2× 0.0783nm with n=8 and m=8 being the chiral indices).
After about 1ns from the beginning of the process a portion of the chain containing 8 repeat units
(out of a total 36) have entered into the CNT and assumed a helical conformation (figure 4.31b).
After another 1ns the majority of the chain (24 repeat units) was inside the CNT in a helical
conformation (figure 4.31c). The whole process of PEO encapsulation into the CNT took about
3.5ns. Additional simulation runs showed qualitatively and quantitatively similar results with the
characteristic encapsulation time being approximately the same: 3.5ns±0.5ns. The same

FIG. 4.31. The coordinates (y – perpendicular and z - along the CNT) of the PEO center of mass
(N=36) as a function of time and simulation snapshots showing chain conformation (a) 1ns, (b)
2 ns (c) 3.5ns after entering the CNT with a zoom-in view of the helix period and a rear-view
(inset). In all snapshots water is removed for clarity, oxygens and carbon atoms are shown as red
and cyan balls, respectively; hydrogens as small grey or white balls.
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phenomenon of spontaneous chain insertion was observed for PEO of different lengths (e.g. PEO
chain of 18 repeat units took 1.4ns ±0.5ns to enter the same CNT) and for CNTs of different
diameters. Insertion of PEO (N=36) into the narrow tubes (0.95nm≤d≤ 1.15nm) occurs more
rapidly (i.e. with a larger velocity) once the process started than that for wider tubes. This result
may seem surprising taking into account that entering a narrow tube requires a more dramatic
change of polymer conformation. However, the dynamics of water in narrow tubes is known to be
very facile due to single file diffusion22–24 and, as will be discussed below, water substitution by
PEO is one of the important factors in the process.

After the complete encapsulation the PEO chain remains in a helical conformation inside the 8-8
CNT without exiting the tube. We characterized the properties of the helix and arrived at a diameter
of 3.7A (from carbon to carbon) with about 7 repeat units per period of 17.43A (figure 4.31)
leading to 2.49A for the helix rise (i.e. the pitch per repeat unit), which corresponds to the so-called
310 helix in Bragg’s nomenclature. The properties of the helix are close to that for the PEO helix
formed in the crystal state, a 7/2 helix with 7 repeat units per 19.48A helix period and a diameter
of 3.3-3.5A,36–38 except the PEO helix inside the 8-8 CNT containing water is somewhat shorter
and wider. The difference is most likely attributed to the water associated with a helix inside the
CNT, as in a narrower CNT (4-11) with less water the helix structure (period 18.2A, diameter
3.5A) is closer to that in crystal state, while in CNTs of larger diameters (1.2-1.3nm for 9-9, 9-10)
containing more water the PEO helix becomes even shorter (period 15.4-15.8A) and wider (4.85.4A) with 9-10 repeat units per period.
To investigate PEO conformation under nanoconfinement we studied a range of CNTs of different
diameters d from 0.95nm (7-7) to 2.7nm (20-20) into which the PEO chain spontaneously
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infiltrates. To characterize the chain conformation, we analyzed the average end-to-end distance
Rend, radius of gyration, Rg, and their ratio, Rend/Rg, which are shown (except for Rg) as a function
of CNT diameter in figure 4.32. As is seen, in the narrowest CNTs (7-7, 7-8) PEO is strongly
stretched (e.g. Rend =12.8 nm in CNT 7-7 is nearly 3 times larger than the solution value of R endsolution=4.1nm)

forming a rod-like conformation, with Rend/Rg approaching √12. Obviously, such

chain stretching is highly unfavorable entropically leading to an estimated conformational free
energy loss of about 13kT, (based on the simple Flory-like expression 3kTR2end/(2R2end-solution),
where k is the Boltzmann constant), not to mention the loss in the energy of hydrogen bonding39
between PEO and water (1.2 hydrogen bonds with energy about 19kJ/mol per oxygen in solution
vs. no hydrogen bonds in CNT 7-7). For this conformation to be thermodynamically stable there
has to be some strong counter-balancing benefit for the system, which can be the liberation of
water that gains 0.8 hydrogen bonds (i.e. about 11.4kJ/mol) per molecule moving from CNT to
solution. As a PEO chain of 36 repeat units replaces approximately 65 water molecules inside the
nanotube (nearly independently of the CNT diameter) the free energy change due to the water gain
and PEO loss in hydrogen bonding is about -55.8kJ/mol or -23.3kT (at T=288K), as shown in the
supplemental material of ref. 40.40 This exceeds the loss in conformational entropy of the chain at
least for narrow CNTs (7-7, 7-8), and can explain the observed spontaneous chain insertion. We
note that PEO-CNT,35 water-CNT interactions and translational entropy of water,41,42 also
contribute to the chain insertion free energy making its calculation rather challenging and requiring
further detailed investigation.

In CNTs of larger diameter (d=1.05-1.3 nm) water forms a shell well interconnected by hydrogen
bonding at a level approaching the bulk solution value.23,24 In these CNTs PEO forms a helix with
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Rend/Rg remaining close to the rigid rod value of √12 despite the intrinsic flexibility of PEO
(persistence length 3.7A).43 As the CNT diameter increases the helix becomes noticeably shorter
and wider to accommodate the increasing number of water molecules participating in PEO
hydration and Rend starts to decline. The decrease of Rend with CNT diameter does not follow any
classical models,3,11,18 but can be well described (somewhat in the spirit of eq.10 of ref.44) by:
Rend
Rend−solution

1.1

=𝑑

𝑒𝑓𝑓

1.1

= (𝑑−0.6) ,

(4.31)

FIG. 4.32. The average end-to-end distance Rend (squares) fitted by eq. 4.31 (with Rendsolution=4.1nm) and the ratio Rend/Rg (triangles) for PEO chain inside the CNT as functions of the
CNT diameter, d. The horizontal dashed line indicates Rend/Rg=√12, the expected value for a rigid
rod. Snapshots of PEO chain inside the CNT representing three conformational regimes: rod, helix
and chain wrapped along the inner CNT surface (representation similar to Fig. 4.31).
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with def≡2refff=d-0.6nm being the polymer-accessible radius of the tube. reff corresponds to the
CNT radius reduced by an exclusion zone width, 0.3nm, which is the average separation of the
PEO hydrogens from the CNT inner surface.40 The implication of eq. 4.31, which remains valid
over the whole studied d range, is that the effective surface area of PEO-CNT contact, 2πreffRend,
remains constant with an increase of CNT diameter.
To understand the origin of helix formation we characterized PEO hydration inside the CNT by
calculating the average number of hydrogen bonds per oxygen of PEO, nhb, which is shown in
figure 4.33. As is seen, for 4-11 (d=1.053nm) and 8-8 CNTs (d=1.085nm), nhb and
correspondingly, the number of water molecules hydrogen bonded to PEO, Nwhb, is noticeably
smaller than in aqueous solution, while in 8-9, 9-9 and 9-10 CNTs (d=1.153-1.29nm), nhb and Nw
are close to the solution values. To gain further insights into water arrangements around the PEO
helix, we categorized water hydrogen bonded to PEO into two classes: “singly-bonded water”
forming a single bond with PEO and “doubly-bonded water” having two hydrogen bonds with two
different oxygens of PEO, usually the i and i+2 oxygens of PEO, as is seen in figure 4.33c. The
doubly-bound water is of particular interest in understanding the physical origin of helix
stabilization inside the CNT, as it brings together a section of the PEO chain in the TGT
conformation which favors helix formation. In 9-9 and 9-10 CNTs the fraction of doubly bound
water (relative to the total number, Nw), ndb, exceeds that for aqueous solution, resulting in an
average of 4 double-bonded waters per helix period (figure 4.33c). These doubly bound waters
play a role analogous to intramolecular hydrogen bonding in biopolymers that are responsible for
their helical structure. In 8-9 CNT (d=1.153nm) there are on average 3 doubly bonded waters per
helix period with ndb comparable to bulk solution where PEO does not form a helix. In the narrow
4-11 and 8-8 CNTs, there is insufficient space to form multiple bridges between the i and i+2
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oxygens by doubly bonded water, so singly bonded water dominates, as is seen in figure 4.33a,b.
While there are some hydrogen bonded bridges between singly bonded waters, as is seen in Figure
4.33b, that can help to hold together the helix structure, where must be some additional factor(s)
that plays a role in helix structure stabilization.

One possible reason for helix stabilization is a higher stability of the PEO hydration shell inside
the CNT compared to solution. To quantify this effect we selected water hydrogens bonded to PEO
inside the CNT at t=0, Nw(0) and calculated the following correlation function C(t):

C (t ) =

N w (t )
N w (0)

(2)

where Nw(t) is the number of water molecules among the initially selected ones that remain,
hydrogen bonded (but not necessarily to the same PEO oxygen) at time t and <…> denotes
averaging over different initial states. Thus, the larger is C(t), the larger is the fraction of longlasting waters in the hydration shell of PEO, even though this water may not be continuously bound
to PEO. As is seen from figure 4.34, for a given CNT diameter C(t) firstly abruptly decreases and
then stabilizes at some plateau-like level. In the narrow CNTs (4-11, 8-8, 8-9) more than 70% of
the water remains in the PEO hydration shell for more than 1ns (for comparison the characteristic
lifetime of a PEO-water hydrogen bond is about 4-5ps.45). This result is not that surprising, as pure
water diffusion inside the corresponding CNTs is known to be rather limited, based on results of
MD simulations.23–25 The presence of PEO is likely to further slowdown the water diffusion inside
the CNT. Thus, the stability of the PEO hydration shell is likely to be the main factor in helix
stabilization inside the CNTs, as near the chain ends where water moves more freely the helical
conformation is noticeably less stable compared to the middle of the chain.40

Since the

contribution of chain ends is larger for shorter chains, one should expect that short PEO chains are
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FIG. 4.33. (a) The average number of hydrogen bonds per oxygen of PEO, nhb (squares), the
fraction of water doubly bound to PEO, fdb (circles), and the ratio of singly- to doubly- bonded
water (triangles) vs. the CNT diameter. The horizontal dashed lines mark nhb and the ratio of
singly- to doubly-bonded water for aqueous solutions of PEO. Simulation snapshots (same
representation as in fig.1) of sections of the PEO helix with singly bonded (blue) and doubly
bonded (green) water molecules together with the corresponding hydrogen bonds for 8-8 (b)
and 9-9 (c) CNTs.

less likely to form a stable helix, as is indeed the case.40 For CNTs of somewhat larger diameter,
such as 9-9 and 9-10 (d=1.22nm and d=1.29nm) the fraction of long-lasting water in hydration
shell decreases to 40-50%, but recall that the fraction of doubly-bonded water acting as
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intramolecular crosslinks for the helix is larger in this case, so the helical structure remains stable.
Since the decay in C(t) is associated with the exchange of water hydrogen bonded to PEO and free
water in its vicinity, the plateau value of the fraction of long-lasting water in the hydration shell

FIG. 4.34. The average fraction of long-lasting water in PEO hydration shell corresponding to the
plateau value of the correlation function C(t) (eq. 4.32), (shown in the inset as a function of time
for different CNTs), as a function of CNT diameter. The best linear fits to the data for helices and
wrapped chains respectively are shown as solid lines. The vertical dashed line indicates the
boundary between helix and wrapped chain regimes.

should linearly decrease with the amount of free water, which in turn scales with CNT diameter,
as indeed is seen in Figure 4, where the plateau value of C(t) is plotted as a function of CNT
diameter.
In CNTs with a diameter exceeding 1.3 nm the number of free waters exceeds those hydrogen
bonded to PEO, so the waters initially in the hydration shell of PEO can now diffuse away from
the polymer almost as easily as in solution. Accordingly, the correlation function C(t) exhibits a
somewhat different pattern with a more continuous decay and a smaller fraction of long-lasting
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waters in the hydration shell (figure 4.34) which is insufficient to support the helix structure and
consequently the PEO chain wraps along the inner surface of the CNT, as is seen in figure 4.32.
The fraction of long-lasting water in the hydration shell of wrapped PEO systematically decreases
following a somewhat different linear dependence on the CNT diameter than for the PEO helices
(figure 4.34), since now the most stable water is that in the layer interfacing with the CNT with
the degree of hydrogen bonding between PEO and water being somewhat smaller than in aqueous
solution. The observed change in slopes seen in figure 4.34 is indicative of different water
dynamics inside the CNT and delineates the transition from helix to wrapped chain regimes. For
the wider CNTs the dominant factor for water replacement by PEO becomes the minimization of
less favorable water-CNT contacts. In the limit of wide CNTs we expect that any preference for
the PEO chain wrapping the inner compared to the outer CNT surface will vanish.

4.4. Conclusions
In summary, based on the results of our atomistic molecular dynamics simulations we show that a
polyethylene oxide chain spontaneously enters carbon nanotubes of different sizes from aqueous
solution. Rapid chain insertion occurs for narrow CNTs (0.95nm≤d≤1.15nm) with highly mobile
structured water inside and slows down with increasing tube diameter. Inside CNTs PEO forms a
rod-like, helical or wrapped (along the inner CNT surface) chain conformation depending on the
CNT diameter (figure 2). We show that the high stability of the PEO hydration shell inside the
CNT is a key factor in helix formation (figure 4), with doubly bound water playing the role of
intramolecular crosslinks (figure 3). These results provide molecular level insights into the role of
water in PEO helix formation and imply that relatively immobile water (or other hydrogen bonddonating solvents) is necessary for helix formation. The obtained results suggest a new method of
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PEO (or other amphiphilic water-soluble polymer) encapsulation in nanopores and demonstrate
the importance of understanding hydration for predicting the behavior of macromolecules under
nanoconfinement, which can be further explored in future experimental and theoretical research
and used in designing nanomaterials for biomedical, sensing and energy applications.
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Chapter 5.
Planar PEO brushes
5.1. Introduction
Polymer brushes remain the subject of continuous interest in the scientific community due to both
fundamental aspects of polymer behavior and the practical importance for improving material
properties in various applications.1,2 In particular, polyethylene oxide is one of the most commonly
used polymers in brush formation due to its water solubility, biocompatibility and capability to
inhibit protein adsorption.3,4 PEO grafting on surfaces, such as gold or silica, ensures particle
solubility, prevents aggregation and provides protection from undesirable interactions. 5,6 PEO
brushes are commonly relied on in antifouling applications and are essential in biosensing,
scaffolding and drug/gene delivery and imaging applications.4–6 Despite numerous reports on the
successful use of PEO grafted layers, a complete understanding of the fundamental behavior of
PEO brushes has not been achieved so far. There are still ongoing debates regarding whether PEO
becomes more hydrophobic when present in a brush compared to solution,7–9 does the PEO brush
phase separate into a dense dehydrated zone and hydrated layer upon stretching or temperature
increase,10–12 and what properties of a PEO brush (grafting density, overall mass, brush height)
determine its anti-fouling capability.13–15 One of the major obstacles is the difficulty to
experimentally probe the detailed molecular organization of a brush, which would require highly
sophisticated and high resolution experimental or computer modeling techniques. Furthermore,
the overall interpretation of experimental results is often based on the assumption that changing
the polymer grafting density has no impact on the polymer-solvent interactions, which is obviously
not the case for PEO which is known for its concentration (and temperature) dependence of
hydrogen bonding with water.16,17 Besides thermodynamic structural aspects of PEO brushes,
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chain flexibility in the brush is equally or perhaps even more important for antifouling applications,
which so far has been studied to much less extent.18–20 Molecular dynamics simulations is a
powerful tool to study this range of problems.21–23 In this paper we apply atomistic molecular
dynamic simulations to gain insights into molecular level details of PEO brush structure, hydration
and analyze the dynamic properties of PEO chains (of constant length) attached to gold surface
with different grafting densities.
One of the experimental challenges in polymer brush formulation is achieving a high density of
grafting, brush monodispersity and homogeneous surface coverage,14,15,24,25 which can strongly
affect brush properties and makes it difficult to compare results obtained by different experimental
groups. Thus, incomplete surface coverage by PEO brush is considered to be one of the major
factor affecting protein and bacterial adhesion.13,15 Several reports show that high molecular
weight of PEO or high grafting density is required to ensure inhibition of protein adsorption,14,15,18
while other papers suggest that too high a grafting density may not be the best for protein
adsorption inhibition9,19 and what is important is the total mass of PEO brush.13 These requirements
for PEO brush properties may be related to achievement of complete surface coverage and
certainly affect brush hydration, which is considered as one of the important factors in protein
adsorption inhibition. However, the relation of PEO hydration to the grafting density is not readily
available from experimental data, which may explain some of the contradiction in results between
different groups. Furthermore, the molecular mobility of PEO tails is another important factor in
protein adsorption,18,19 which is relatively rarely considered and studied to much less extent
compared to static properties of the brush. Some reports indicate that high molecular weight of
PEO is important to achieve high mobility and inhibition of protein adsorption,18 but other data
show that high molecular weight alone cannot guarantee adsorption inhibition.15 The effect of
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grafting density on PEO mobility and protein inhibition is also unclear with some intermediate
grafting densities indicated as being preferable.19 Interestingly, high mobility of PEO tails is found
to be beneficial for both inhibition of non-specific adsorption and achieving high
biorecognition.18,19
Another factor that can influence properties of the PEO brush at low grafting density is the
interaction of water and PEO with the substrate. While such molecular level details are hard to
assess experimentally, it has been studied in atomistic molecular dynamics simulations for
graphite, oil and siloxane (silica) surfaces.21–23 It was found that PEO adsorbs on these surfaces at
low grafting densities replacing water, which in absence of polymer forms a layered structure near
the surface and can interact (including formation of hydrogen bonds) with the siloxane surface.
With an increase of grafting density PEO absorption on the surface decreases as polymer forms a
stretched brush. It was determined that the polymer density profile exhibits classical brush
behavior and was largely independent of the PEO-surface interaction at high grafting densities,21
except for the average PEO brush height on siloxane surface,22 which was found to follow the
scaling dependence ℎ~𝜎 1/2 instead of ℎ~𝜎 1/3 , where 𝜎 is the grafting density (i.e. number of
chains per unit area). The PEO-water hydrogen bonding near the siloxane surface is found to be
suppressed relative to hydrogen bonding between a free PEO chain in aqueous solution, but the
number of hydrogen bonds increases away from the surface where chains become more accessible
to the water medium.23 At higher grafting densities in the brush regime the number of hydrogen
bonds decreases due to the lateral overcrowding.23 A similar result was obtained based on a
molecular SCMF approach assuming hydrogen bonding in the brush follows the same
concentration dependence as in solution.26 It was shown that a polymer brush with hydrogen
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bonding interactions is more swollen at low temperature, but can become dehydrated and perhaps
even phase separate at elevated temperatures,26 as expected in the n-cluster model.10–12
In this paper using atomistic molecular dynamics simulations we will investigate the
molecular organization of PEO brushes on a planar gold surface. Gold surfaces and gold
nanoparticles are actively used in biomedical applications with PEO grafting commonly used to
ensure antifouling.4,27,28 For a constant length of PEO chain (of 20 repeat units, N=20), we
investigate the influence of grafting density on the extent of PEO hydration and compare the
obtained results with PEO hydrogen bonding in aqueous solutions. We will also analyze the
mobility of PEO tails in the bush for different grafting densities and study the local organization
of PEO chains near the gold surface. To assess the solvent-induced changes to PEO brush structure
and surface interactions, we will also study pure THF and a mixed THF/water solution and
compare the results to that obtained in pure water. Our results provide molecular-level insights on
the structural organization of PEO brushes and contribute to the resolution of outstanding questions
regarding the impact of grafting on PEO hydration and tail mobility in a brush. These predictions
can be experimentally tested and used as guidance in designing new materials of biomedical
relevance. results with PEO hydrogen bonding in aqueous solutions. We will also analyze the
mobility of PEO tails in the bush for different grafting densities and study the local organization
of PEO chains near the gold surface. To assess the solvent-induced changes to PEO brush structure
and surface interactions, we will also study pure THF and a mixed THF/water solution and
compare the results to that obtained in pure water. Our results provide molecular-level insights on
the structural organization of PEO brushes and contribute to the resolution of outstanding questions
regarding the impact of grafting on PEO hydration and tail mobility in a brush. These predictions
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can be experimentally tested and used as guidance in designing new materials of biomedical
relevance.

5.2. Simulation Details
We performed all-atom molecular dynamics simulation using OPLS-AA force field to investigate
the hydration behavior of PEO chains grafted to a gold surface. The gold surface was obtained by
packing uncharged gold atoms on FCC lattice with lattice parameter of 0.408 𝑛𝑚.29 The gold
surface was 5 gold atoms thick and had surface area of ~54 𝑛𝑚2 , i.e. 7.34𝑛𝑚 × 7.34 𝑛𝑚, which
was kept constant in all simulations. The box size in z-direction normal to the gold surface was
varied depending on the system size, exceeding the maximum brush height by at least3 𝑛𝑚. PEO
chains of 20 repeat units (𝐶𝐻3 − [𝑂 − 𝐶𝐻2 − 𝐶𝐻2]20 − 𝑆-) were homogeneously grafted to the
gold surface via the sulfur bond with gold atoms on the surface. We note that as the sulfur bond
with gold atoms is relatively weak and allows bond stretching leading to some fluctuation of the
sulfur atom positions. The grafting densities that we model range from 𝜎 = 0.167 𝑛𝑚−2 𝑡𝑜 𝜎 =
4.18 𝑛𝑚−2 covering the whole range from the beginning of brush regime to highly dense and
stretched brushes. To model PEO chains we used slightly modified OPLS model, as was
previously used for polymer solutions.30,31 PEO brushes were solvated with water, for which SPCE
model was used. For comparison we also solvated the PEO brush with THF and mixed (80:20 by
volume fraction) THF:water solution for grafting density 𝜎 = 0.91 𝑛𝑚−2. The details for THF
model used are discussed in supporting information.
All simulations are carried out using the GPU version of GROMACS-4.6.5. The NPT ensemble is
applied to equilibrate the system initially at 340K for about 20-35ns depending on the system size
to speed-up system relaxation from the initial state and achieve a uniform water molecule
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distribution in the system followed by equilibration at 310K for not less than an additional 20ns.
All results presented in the paper are obtained at the temperature 310K and have more than 50 ns
equilibration time in total. A semi-isotropic pressure coupling (i.e. x and y direction kept constant
with the z-direction pressure coupled to 1 𝑏𝑎𝑟) was applied using Berendsen barostat at 1 𝑏𝑎𝑟
with compressibility 4.5𝑒 −5 𝑏𝑎𝑟 −1 and coupling time constant of 5 𝑝𝑠. V-rescale thermostat was
used for temperature coupling with the coupling time constant of 1 𝑝𝑠. Electrostatic interactions
were calculated using PME method with integration time step of 1 𝑓𝑠.
The volume fraction of PEO, water and THF were calculated using 0.3 𝑛𝑚 wide bin zones in zdirection normal to the gold surface using 0.03 𝑛𝑚3 for water molecule volume and 0.02 𝑛𝑚3
for 𝐶𝐻2 group and 𝑂 atom volumes each.32 We note that since no atoms were found closer than
1.5 Å from the gold surface, this area was excluded from volume fraction calculations. For
hydrogen bond analysis, we used the same bin sizes as for volume fraction calculation (when
accounting for position of oxygen donors) and applied a geometrical criterion for donor-acceptor
distance 𝑟𝐷𝐴 ≤ 3.5Å and (hydrogen-donor-acceptor) 𝑎𝑛𝑔𝑙𝑒 (𝐻 − 𝐷 − 𝐴) ≤ 30°. For calculation
of the residence time of water hydrogen bonded to PEO we extracted our data for the analysis
every 10 𝑝𝑠. For visualization of chain conformation and hydration Visual Molecular Dynamics
(VMD)33 has been used.

5.3. Result and Discussion
To investigate PEO hydration in a polymer brush we varied the grafting density of polymer on
gold surface from a moderate 𝜎 = 0.67𝑛𝑚−2 to higher values, with a maximum 𝜎 = 4.18 𝑛𝑚2 .
Experimentally, high grafting density of polymer corresponds to approximately 1𝑛𝑚−2 for planar
surfaces,14,15,25 which is limited by the surface accessibility for polymer grafting with a much
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higher grafting density achievable for curved surfaces.24 Grafting from approach can provide a
higher local polymer density, but results in a high polydispersity of polymer lengths obtained and
inhomogeneous coverage.34 We note that our polymer brush was monodisperse with respect to
PEO molecular weight, which was kept at 𝑁 = 20 repeat units in all cases. Figure 5.31 (upper
row) shows the typical PEO conformation and structure of the brush obtained at five different
grafting densities. As is seen, at lower 𝜎 the PEO conformation remains coil-like, except for the
region in the immediate vicinity of the gold surface where some polymer adsorption is observed
in agreement with experimental data35 due to the more favorable interactions between PEO and
gold compared to water-gold interactions. Correspondingly, for smaller 𝜎 we observe a depletion
of water in the gold surface vicinity, as is seen in figure 5.31 (lower row). Overall the polymer
orientation remains mostly random in the range of moderate grafting densities with only a slight
preference in orientation in z-direction perpendicular to the gold surface. With an increase in
grafting density the PEO orientation in z-direction increases and chains start to stretch away from
the surface. We note that accumulation of PEO near the gold surface persists until rather high
grafting densities. As is seen in figure 5.31, at the highest grafting density studied, 𝜎 = 4.18 𝑛𝑚−2,
PEO forms a very dense highly stretched and dehydrated brush. Thus, the grafting densities
considered cover the range from a fully hydrated PEO brush at lower 𝜎 to a nearly dehydrated
brush at high σ through the intermediate range of nearly equal volume fraction of PEO and water.
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A closer analysis of PEO behavior in these brushes will be informative to understand the
interconnection of chain crowding and stretching with hydration.

Figure 5.31. Computer simulation snapshots of grafted PEO chains (upper row) and
complementary water (lower row) obtained for different grafting densities from left to right:
𝜎 = 0.67 𝑛𝑚−2 , 1.19 𝑛𝑚−2 , 1.86 𝑛𝑚−2 , 2.67 𝑛𝑚−2 𝑎𝑛𝑑 4.18 𝑛𝑚−2 . Corresponding volume
fraction distribution of PEO and water are shown in the middle row.

To characterize chain conformation, we calculated the average end to end distance, 𝑅𝑒𝑛𝑑 and the
radius of gyration, 𝑅𝑔 . The ratio 𝑅𝑒𝑛𝑑 /𝑅𝑔 , which reflects the changes in the chain
shape/conformation upon an increase in PEO grafting density, is shown in figure 5.32. As is seen
at low grafting density polymer has close to a random coil conformation with the ratio 𝑅𝑒𝑛𝑑 /𝑅𝑔
being only slightly larger than that for an ideal chain, √6 ≈ 2.45. With an increase in grafting
density beyond 1 𝑛𝑚−2 the ratio 𝑅𝑒𝑛𝑑 /𝑅𝑔 rapidly increases until about 𝜎 = 2.7𝑛𝑚−2 when ratio
𝑅𝑒𝑛𝑑 /𝑅𝑔 starts to saturate approaching the limit corresponding to a rod-like chain conformation
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√12 ≈ 3.46 in strongly stretched brush. At the highest grafting density 𝜎 = 4.18𝑛𝑚−2 chain
stretching reaches 𝑅𝑔2 ≈ 3(𝑅𝑔2 )𝑜 , where (𝑅𝑔 )𝑜 ≈ 0.938 𝑛𝑚 corresponds to the 𝑅𝑔 for solution.
To describe the chain orientation, we calculated the orientational order parameter:
1

𝑆 = 2 ⟨(3 Cos2 𝜃 − 1)⟩

(5.31)

where 𝜃 is the angle between the end-to-end vector for the middle 10 repeat units of grafted PEO
chains and z-direction perpendicular to the gold surface. We use middle 10 repeat units of PEO
chain instead of the whole chain for the order parameter calculation to exclude the influence of the
surface and the randomness of chain end orientation. At low grafting densities, there is no
preferable orientation for the grafted PEO chains and the order parameter remains close to zero
(figure 5.32). With an increase in grafting density the order parameters systematically increase and

Figure 5.32. The average ratio of 𝑅𝑒𝑛𝑑 /𝑅𝑔 and the orientational order parameter 𝑆 (with
respect to z-direction normal to the surface) for the PEO chains as functions of grafting
density.
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already at 𝜎 ≥ 1.2 𝑛𝑚2 the order parameter reaches 0.5 indicating a preference in orientation away
from the surface. At 𝜎 ≥ 2.2 𝑛𝑚−2 the order parameter reaches rather high values 𝑆 ≈ 0.8 − 0.94
indicating that chains are strongly oriented and aligned along the z-direction, as expected for a
strongly stretched brush.

To characterize the overall properties of the brush, we calculated and plotted in figure 5.33 the
monomer volume fraction of polymer (accounting for 𝐶𝐻2 groups and 𝑂, as discussed in the
simulation details) as a function of the distance from the surface for different grafting densities.
At low grafting densities, there is polymer adsorption to the surface, as evidenced by the
enhancement of polymer density in the vicinity of the surface. This adsorption is primarily caused
by the tendency of PEO to substitute for the layered water in the vicinity of the gold surface. Indeed
water layering near the gold surface has been previously reported in computer simulations and
experimentally.36–39 PEO adsorption on gold surfaces from aqueous solution has also been
observed experimentally.35 While such attraction can be caused by somewhat hydrophilic nature
of the gold itself, we believe that PEO-gold contact is simply more favorable than water-gold
contact, as water has to be re-structured into layers from normal bulk arrangement to sustain
normal level of hydrogen bonding. Similar PEO adsorption on graphite surface in aqueous media
has been previously reported.21 The results of THF and THF/water solutions discussed below
support this conclusion. Away from the gold surface (located at z=0), at 𝑧 > 1𝑛𝑚, the polymer
volume fraction follows parabolic profile, as expected for a brush.40,41 With an increase in grafting
density, the average volume fraction of polymer in the brush increases and correspondingly water
content decreases figure 5.33). Polymer extends further away from the surface and the density
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profile becomes closer to a step-function. At 𝜎 ≥ 2.7𝑛𝑚−2, the average polymer density in the
brush becomes comparable to that near the surface indicating that polymer is stretching away from
the surface throughout the brush. These are the cases of highly stretched and mostly dehydrated
brush with density profile described by a step-like function.

Figure 5.33. Polymer volume fraction as a function of the distance from the gold surface for the
following
grafting
densities
from
top
to
bottom:
𝜎=
4.18, 3.64, 3.14, 2.67, 2.25, 1.86, 1.50, 1.19, 0.91 𝑎𝑛𝑑 0.67 𝑛𝑚−2 . The
z
coordinate
corresponding to the maximum of end-group distribution is indicated by vertical dashed lines.

The average brush height, ℎ, was calculated as 42–44
ℎ=

∫ 𝑧 𝛷𝑃𝐸𝑂 (𝑧) 𝑑𝑧
∫ 𝛷𝑃𝐸𝑂 (𝑧) 𝑑𝑧

(5.32)

where 𝛷𝑃𝐸𝑂 (𝑧) is the PEO volume fraction profile shown in figure 5.33, as a function of distance
𝑧 from the gold surface. For a classical polymer brush composed of sufficiently long polymer
chains, the brush height should scale with grafting density as2,41–43
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ℎ~𝜎 1/3

(5.33)

The average brush height, ℎ, is shown as a function of 𝜎 1/3 in figure 5.34 (inset). As is seen, the
brush height consistently increases with grafting density, qualitatively following the dependence
of eq. (3). Furthermore, the maximum brush height, ℎ𝑚𝑎𝑥 , can also be estimated from the peak
position of the end-group distribution (shown in supporting information).43 The results are shown
in figure 5.34 (inset). As is seen, ℎ𝑚𝑎𝑥 , exceeds more than twice the average brush height and
similarly increases with 𝜎. Thus, overall the properties of PEO brush follow the expected scaling

Figure 5.34. Re-scaled polymer volume fraction Φ𝑃𝐸𝑂 (𝑧)/𝜎 2/3 as a function of reduced
distance
from
the
surface
𝑧/𝜎 1/3 for
high
grafting
densities:
−2
𝜎 = 1.86,2.25,2.67,3.14,3.64 𝑎𝑛𝑑 4.18 𝑛𝑚 . The inset shows the average brush height, ℎ,
obtained using eq. (2) and the maximum brush height, ℎ𝑚𝑎𝑥 , corresponding to the maximum
of end-group distribution, as functions of 𝜎 1/3 .

71

behavior for 𝜎 > 1.8𝑛𝑚−2 when the surface influence becomes negligible and the PEO density
profiles depicted in figure 5.33 can be all collapsed into one curve as shown in figure 5.34 by
normalizing 𝛷𝑃𝐸𝑂 (𝑧) by 𝜎 2/3 and 𝑧 by 𝜎 1/3 . 42
Brush hydration.
Knowing the polymer conformation and density distribution, we can now address polymer
hydration in the brush. The PEO hydration shell can be characterized via the solvent accessible
surface area (SASA) as shown in figure 5.35. As is seen, SASA considerably decreases with an
increase of grafting density as water content declines inside the brush. Another measure of water
surrounding PEO is the hydration number, which can vary considerably depending on definition
and experimental technique which is used to assess it.30 Counting all water molecules inside 3.5Å
of PEO chain in the brush we arrived at the dependence shown in figure 5.35 per repeat unit of
PEO. At 𝜎 ≤ 1.5𝑛𝑚−2 the average number per repeat unit of PEO remain unchanged and equal

Figure 5.35. Solvent accessible surface area (SASA) per PEO chain and hydration number
(i.e. the number of water molecules inside the distance 3.5A of PEO) per repeat unit of PEO
as functions of grafting density.
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to about 4.3 water molecules, which is smaller than that in solution, 5.9, likely due to PEO
adsorption on the gold surface. At larger grafting densities, when PEO chains become more
stretched (figure 5.32) the hydration number systematically declines following the SASA decrease
with less than 1 water molecule remaining per repeat unit of PEO at the highest grafting density
considered. More detailed information about PEO-water interaction in the polymer brush can be
obtained from the analysis of the hydrogen bonding.
We analyzed the degree of hydrogen bonding between water molecules and PEO oxygens as a
function of the distance from the gold surface for different grafting densities of PEO. The results
are shown in figure 5.36a. As is seen, for 𝜎 ≤ 1.5 𝑛𝑚−2 PEO is fully hydrated, similar to that in
dilute solutions,30 except for the first 0.8nm closest to the surface, where the polymer is present at
high concentration and correspondingly water concentration is low (figure 5.36b). It is interesting
to note that for small 𝜎 even though the water concentration decreases with an increase in grafting
density, it does not affect the level of hydration in this region. A further increase in grafting density
beyond 𝜎 = 1.5𝑛𝑚−2, when the volume fraction of polymer starts to exceed that of water, results
in a decrease in the average number of hydrogen bonds per oxygen of PEO as is seen in figure
5.36. For a given 𝜎 the hydration remains nearly constant throughout the brush except for the area
near the gold surface and the outer surface of the brush, interfacing with water. When the grafting
density exceeds 2.7𝑛𝑚−2 and volume fraction of water declines below 0.3, we start to observe
considerable dehydration of the polymer brush with hydrogen bonding reduced by 50% or more.
At these grafting densities polymer becomes strongly stretched, as discussed above (figure 5.34).
At the highest grafting density considered, 𝜎 = 4.18𝑛𝑚−2, less than 0.1 volume fraction of water
remains in the brush and accordingly less than 10% of hydrogen bonds survive. This is a
dehydrated strongly stretched PEO brush.
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Figure 5.36. The average fraction of water –PEO hydrogen bonds per oxygen of PEO (a)
and volume fraction of water (b) as a function of the distance from the gold surface for the
following grafting densities from top to bottom: 𝜎 = 0.67, 0.91, 1.19, 1.50, 1.86, 2.25,
2.67, 3.14, 3.64, 4.18 𝑛𝑚−2.
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As the polymer hydration changes with the volume fraction of water available to interact with the
polymer, which in turn depends on grafting density of polymer, it is informative to plot the average
number of hydrogen bonds per oxygen of PEO as a function of local PEO volume fraction. The
results are shown in figure 5.37. As is seen, the results obtained for different polymer grafting
densities and different distances from the surface (except for the very vicinity of the gold surface,
which was excluded from calculations) fall into one curve. Hydrogen bonding between water
molecules inside the polymer brush (shown in supporting information) also follows the same
pattern and forms water-water hydrogen bonding curve in figure 5.37. The fact that both waterPEO and water-water hydrogen bonding in a brush follow a common pattern independent of
grafting density, but dependent on the local polymer/water volume fraction, indicates that
hydration simply depends on local water availability for hydrogen bonding. Furthermore,
comparing the results obtained for hydrogen bonding inside the brush, shown as symbols in figure
5.37 with that obtained for PEO aqueous solutions at different water content, shown as lines in
figure 5.37, one can see a complete agreement. This implies that PEO hydration in the polymer
brush is exactly the same as it would be in a solution with the same volume fraction of
polymer/water. The obtained dependences of the degree of hydrogen bonding as a function of
volume fraction of PEO closely resemble theoretical dependences derived by one of us in earlier
work for PEO solutions.17
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Dynamic properties of PEO brush. Besides the equilibrium hydration properties of PEO chains
in the brush, dynamic properties are also of interest for e.g. antifouling properties of PEO.

18–20

We’ll first analyze the dynamics of hydration by calculating the residence time for hydrogen
bonded water.30,31 To this end we selected waters hydrogen bonded to a given PEO chain at time
𝑡 = 0 and monitored the fraction of water that remain hydrogen bonded to the polymer chain (not
necessary to the same oxygen) at time t. The results for different chains at a given grafting density
and the different initial time were averaged to obtain the correlation function
𝑁 (𝑡)

𝐶ℎ𝑏 (𝑡) ≡ 〈𝑁𝑤(0)〉

(5.34)

𝑤

Figure 5.37. The average number of water hydrogen bonds per oxygen of PEO (solid symbols
and solid line) and per oxygen of water (open symbols and dashed line) in polymer brush
(symbols) and in aqueous solutions (lines) as functions of volume fraction of PEO. Data
obtained for different grafting densities of PEO are shown in different color, as in Figures 5.33
and 5.36.
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where 𝑁𝑤 (𝑡) is the number of water hydrogen bonded to PEO at time 𝑡 and 𝑁𝑤 (0) is the number
of water at initial time 𝑡 = 0. The results for 𝐶ℎ𝑏 (𝑡) obtained for different PEO grafting densities
are shown in figure 5.38a. As is seen, exchange of water molecules hydrogen bonded to PEO
considerably slows down as grafting density increases. Indeed, in the brush with 𝜎 = 1.5𝑛𝑚−2
less than 10% of original hydrogen bonded water remains interacting with the polymer after 5 𝑛𝑠,
while for 𝜎 = 3.14𝑛𝑚−2 nearly 85% of water is still hydrogen bonded to the polymer after the
same time period. This result is not unexpected, as high grafting density results in a denser brush
with a lower fraction of water available (figure 5.34) and therefore less opportunity for water
exchange.
a)

b)

Figure 5.38. (a) The hydrogen bonded water fraction autocorrelation function, 𝐶ℎ𝑏 (𝑡), eq (4),
for a PEO chain in a brush obtained at different grafting densities and in solution. (b) Polymer
conformation containing helical portion for PEO brush at 𝜎 = 2.25𝑛𝑚−2. Surrounding (nonhelical) chains are shown as lines.
In order to numerically characterize the residence time of hydrogen bonded water we fit the 𝐶ℎ𝑏 (𝑡)
correlation function with a triple exponential function (see supporting information for details),
77

which was required due to the presence of singe-bonded, double bonded and long-lived hydrogen
bonded water, as discussed in ref.31.
Table 5.31. Orientational order parameter eq (1), 𝑅𝑒𝑛𝑑 /𝑅𝑔 , the average number of hydrogen
bonds per PEO oxygen, 𝑛ℎ𝑏 cumulative residence time of hydrogen bonded water, 𝜏ℎ𝑏 and the
tail orientation relaxation time for PEO chains in a brush, 𝜏𝑓𝑙𝑒𝑥 .
𝜎 (𝑛𝑚−2 )

Order Parameter, S

𝑅𝑒𝑛𝑑 /𝑅𝑔

𝑛ℎ𝑏

𝜏ℎ𝑏 (ns)

𝜏𝑓𝑙𝑒𝑥 (ns)

0.67

0.14 ± 0.04

2.71 ± 0.06

1.10 ± 0.04

--

--

0.91

0.37 ± 0.03

2.76 ± 0.06

1.09 ± 0.02

--

--

1.19

0.55 ± 0.03

2.91 ± 0.03

1.09 ± 0.03

--

0.38

1.50

0.70 ± 0.02

2.97 ± 0.04

1.04 ± 0.02

1.22

0.46

1.86

0.79 ± 0.02

3.08 ± 0.02

0.95 ± 0.02

1.50

0.52

2.25

0.83 ± 0.01

3.16 ± 0.01

0.89 ± 0.02

2.39

0.74

2.67

0.88 ± 0.01

3.21 ± 0.01

0.74 ± 0.04

2.47

0.94

3.14

0.91 ± 0.01

3.22 ± 0.01

0.55 ± 0.04

3.05

0.96

3.64

0.92 ± 0.00

3.26 ± 0.01

0.35 ± 0.06

--

1.02

4.18

0.94 ± 0.00

3.30 ± 0.01

0.16 ± 0.07

--

1.18

The cumulative residence time obtained using the sum of weighted relaxation times is shown in
Table 1. As is seen, the cumulative residence lifetime of water ~1.2𝑛𝑠 for 𝜎 = 1.5𝑛𝑚−2 and
increases nearly linearly with 𝜎 reaching ~3.0𝑛𝑠 at 𝜎 = 3.14 𝑛𝑚−2. As discussed above, at the
highest grafting densities the PEO brush becomes significantly dehydrated (figure 5.34), which
slows down or totally precludes water exchange. We have not attempted to calculate the
corresponding residence time, as the number of water molecules hydrogen bonded per chain
becomes rather small to produce statistically meaningful results.
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As previously discussed, the longevity of hydrogen bonded water interacting with a PEO chain is
one of the necessary conditions to observe a helical or partially helical chain conformation.30,31
The other condition is sufficiently high degree of hydrogen bonding with water. Analyzing the
results shown in figure 5.37 and 5.38a, one can conclude that close to 𝜎 = 2.24 𝑛𝑚−2 both
conditions can be satisfied, as at lower grafting density residence time of water is relatively short
and at higher 𝜎 hydration is too low. Looking closely at PEO chain conformations in the brush we
indeed spotted a couple of chains having a helical or partially helical conformation, as shown in
figure 5.38b, even though the majority of the chains remain in a more random (and statistically
preferable) non-helical conformation. Experimentally a helical conformation of PEO in a brush
has also been occasionally observed under the right conditions.14
To further characterize the dynamics of surface grafted PEO chains, we calculated the tail
flexibility correlation function. The segmental mobility of PEO chain ends is believed to be a
contributing factor of PEO capability to prevent protein adsorption.18–20 In our analysis we
considered the PEO tail of three repeat units and calculated the autocorrelation orientational order
parameter:
1

𝐶𝑡𝑎𝑖𝑙 (𝑡) = ⟨2 (3 Cos2 𝜃 − 1)⟩

(5.35)

where 𝐶𝑜𝑠𝜃 = [𝑟⃗𝑖 (0). 𝑟⃗𝑖 (𝑡)] / |𝑟⃗𝑖 (0)| |𝑟⃗𝑖 (𝑡)| and 𝑟⃗𝑖 (𝑡) is the three segments tail vector at time 𝑡, as
shown in the figure 5.39a and 𝑟⃗𝑖 (0) is the vector at 𝑡 = 0. This function goes to zero when there
is no correlation with the original orientation of the chain tail. The results for the tail
autocorrelation function 𝐶𝑡𝑎𝑖𝑙 (𝑡) for PEO chains in a brush obtained at different grafting densities
are shown in figure 5.39a.
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As is seen, the correlation with the initial tail orientation dissipates rather quickly for low grafting
densities of PEO. As the PEO brush becomes denser the correlation in orientation starts to become
more obvious and persists for longer time. To obtain characteristic time we fitted the curves with
triple exponential function as discussed in supporting information and calculated cumulative
relaxation time by using a weighted sum of relaxation times shown in Table 1. As is seen, the
characteristic relaxation times for PEO tail varies from 0.4𝑛𝑠 at low grafting densities to about
1.2𝑛𝑠 at the highest grafting density studied. This change in PEO tail flexibility originates from
the increased density and decreased hydration of the polymer brush occurring upon increased 𝜎.
To connect the obtained results for 𝐶𝑡𝑎𝑖𝑙 (𝑡) with actual changes in PEO chain conformation, we
traced a PEO chain conformation with time up to 2.5𝑛𝑠 and show it for a few grafting densities in
figure 5.39b along with the residual autocorrelation 𝐶𝑡𝑎𝑖𝑙 (𝑡 → ∞) dependence on 𝜎. As is seen, at
low 𝜎, when the average distance between chains is considerable, PEO chains can freely change
conformation with negligible tail orientation self-correlation. At intermediate grafting densities,
chain motion is much more restricted and we start to observe a residual tail orientation selfcorrelation. At high 𝜎 only minor chain motion is observed leading to significant (up to 80%)
residual tail orientation self-correlation. Thus, while a high grafting density of PEO chains may be
beneficial for protecting underlying surface from contacts with surrounding media, the resulting
PEO brush is very dense, highly stretched and dehydrated with very little chain flexibility
remaining, which may lead to protein adsorption on top of the brush.
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Figure 5.39. (a) PEO tail orientation autocorrelation function 𝐶𝑡𝑎𝑖𝑙 (𝑡) eq (5) obtained for
different grafting densities. Simulation snapshot of PEO chain grafted to gold surface indicating
tail orientation vector used in calculations is shown. (b) Residual PEO tail orientation
autocorrelation function 𝐶𝑡𝑎𝑖𝑙 (𝑡 → ∞) as a function of grafting density. Simulation snapshots
show the time evolution of PEO chain conformation for the following grafting densities: 𝜎 =
1.19, 2.25 𝑎𝑛𝑑 4.18 𝑛𝑚−2 .
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PEO brush in THF solution.
As discussed above, at low grafting densities PEO tends to adsorb on gold surface releasing water
from the layers adjacent to the gold surface (figure 5.31, 5.32). It is informative to compare the
behavior of PEO brush in a different solvent. We have chosen THF in which PEO is soluble (at
least to some extent),45 but which is not a proton donating solvent like water, so there is no
hydrogen bonding in a PEO solution in THF. For comparison, we selected a relatively low grafting
density of 0.91𝑛𝑚−2 for which we observe noticeable PEO adsorption on gold surface in aqueous
solution (figure 5.32). The PEO density profile and snapshot of PEO brush conformation in THF
are shown in figure 5.310. In agreement with experimental observations46 we observe THF
adsorption onto gold surface with formation of high density (~0.8 volume fraction) THF layer,
shielding the gold surface. No PEO adsorption is observed, confirming that PEO-gold interactions
are favorable only compared to water-gold interactions, but not compared to THF-gold contacts.
In fact, THF layering near the gold surface results in stretching of PEO chain away from the gold
surface (figure 5.310). Despite this local chain stretching in the vicinity of gold surface, no
significant changes observed in the overall PEO brush height, even though the PEO density is
distributed differently in THF and PEO solutions (inset of figure 5.310). As THF nearly completely
covers the gold surface, we expect that very similar results should be expected for PEO brush on
e.g. an alkane monolayer-modified surface.
We also investigated the behavior of PEO brush (at 𝜎 = 0.91 𝑛𝑚−2) in THF:water mixture. A
simulation snapshot of the brush and volume fraction profiles for PEO, THF and water are shown
in figure 5.311 for 80:20 THF:water mixture (by volume), which was chosen for computational
convenience. As is seen, THF/gold contacts are the most favorable, so we observe layering of THF
in the vicinity of gold surface similar to that in pure THF (figure 5.310). There is also PEO
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stretching away from the gold surface as in pure THF with practically no water being in contact
with the gold surface. At larger distances from the surface, 𝑧 > 0.8𝑛𝑚 the distribution is reverse
– there is less than 10% of THF present inside the PEO brush, which is saturated with water. This
preferential accumulation of water inside the PEO brush is consistent with water being a better

Figure 5.310. (top) Computer simulation snapshot of PEO brush grafted to gold surface (𝜎 =
0.91 𝑛𝑚−2 ) in THF. PEO chains are shown in green, THF in blue. (bottom) Volume fraction
of PEO and THF as a function of the distance away from the gold surface, z. Inset shows PEO
volume fraction profile in the brush in THF (triangles), water (circles) and in 80:20 (by volume)
THF/water mixture (squares).
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solvent for PEO than THF. The overall height of the PEO brush is somewhat larger in this case
compared to pure THF or pure water solvents, as is seen in figure 5.310 (inset). This is a result of
PEO extension away from the surface compared to adsorption observed in water and more
expanded PEO conformation in an aqueous surrounding compared to THF. Away from the PEO
brush we observe (e.g. an inhomogeneous water density profile) a local clustering of water in the
THF media in agreement with experimental observations47 indicating that the miscibility of these

Figure 5.311. (top) Computer simulation snapshot of PEO brush grafted to gold surface
(𝜎 = 0.91 𝑛𝑚−2 ) in mixed 80:20 (by volume) THF:water solvent. PEO chains are shown in
green, THF in purple, water in red. (bottom) Volume fraction of PEO, THF and water as
functions of the distance away from the gold surface, z.
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two solvents is somewhat limited. Extrapolating the results presented in figure 5.311 one can
anticipate that PEO brush grafted to e.g. an alkane-functionalized surface would be somewhat
more expanded in aqueous surrounding than gold-functionalized PEO brush (except for high
grafting densities when adsorption on the surface or further PEO expansion is not possible) and
that PEO brush can be used as effective separation media for extraction of water from some mixed
solvents.

5.4. Conclusions
Using atomistic molecular dynamics simulations, we investigated the hydration, static and
dynamic properties of PEO chains (of 20 repeat units) grafted to a planar gold surface. The effect
of grafting density (ranging from 𝜎 = 0.67𝑛𝑚−2 to 𝜎 = 4.18𝑛𝑚−2) has been investigated. We
found that at low grafting densities PEO chains are fully hydrated and retain a conformation similar
to that in solution, except for the area in the immediate vicinity of the gold surface, where PEO
adsorption is observed figure 5.33). In agreement with experimental observations,35 PEO
adsorption on gold is attributed to more favorable interactions between PEO and gold compared
to water-gold interactions which leads to water layering near the gold surface. At higher grafting
density the excluded volume interactions overcome the PEO attraction to gold resulting in PEO
chains stretching away from the surface with the chain’s aspect ratio 𝑅𝑒𝑛𝑑 /𝑅𝑔 approaching a value
of 3.3 similar to that expected for a rod-like conformation (figure 5.32, Table 1). The overall PEO
monomer density profile (figure 5.33) follows the expected parabolic dependence40,41 at low
grafting density and a step function at higher grafting densities41,48 with all curves collapsing into
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a single dependence upon re-scaling42 (figure 5.34). Accordingly, the polymer brush height
increases with grafting density following the expected ℎ ∝ 𝜎 1/3 scaling dependence.41
Hydration of a PEO brush depends on the accessibility of water inside the grafted layer. For lower
grafting densities, 𝜎 ≤ 1.5𝑛𝑚−2 (i.e. 1/(𝑅𝑔 √𝜎) ≥ 0.62), the volume fraction of water exceeds
that of polymer with the exception of the close vicinity of the gold surface (Figure 5.36) and as a
result PEO is well-hydrated (figure 5.35). With an increase in the grafting density, the polymer
volume fraction noticeably increases and accordingly PEO becomes dehydrated with only about
10% of hydrogen bonding remaining at the highest grafting density considered, 𝜎 = 4.18𝑛𝑚−2 ,
compared to polymer hydration in aqueous solutions or at the lowest grafting density considered.
We found that PEO hydration inside the brush closely follows that for aqueous solutions at the
corresponding polymer volume fraction (figure 5.37). This implies that hydrogen bonding is
determined by the local concentration of water and adheres to the polymer density profile of the
brush rather than vice versa. This property of a PEO brush makes it easier to anticipate the level
of PEO hydration and design a PEO brush with desired properties.
The dynamic properties of PEO brush are somewhat more complex. At low grafting density PEO
attachment to the surface does not strongly affect the dynamics of its hydration and its flexibility
(figures 5.38 and 5.39). With an increase in grafting density the residence time of hydrogen bonded
water noticeably increases and at a high grafting density of 𝜎 = 3.64𝑛𝑚2 reaches nearly 10𝑛𝑠,
which is several orders of magnitude larger than a hydrogen bond life-time in bulk aqueous
solution.30 Such a long residence time of hydrogen bonded water is attributed to the low volume
fraction of water inside the PEO brush and limited water diffusion due to the presence of the gold
surface. The analysis of the PEO tail orientation autocorrelation function also shows a noticeable
enhancement in the residual “orientational memory” and corresponding decrease in tail flexibility
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with an increase in 𝜎 (figure 5.39). These findings are consistent with the general idea that dense
PEO brushes are not only dehydrated but also lose flexibility, which may compromize their
capability to inhibit protein adsorption.
To test the effect of solvent quality we compared properties of PEO brush at 𝜎 = 0.91 𝑛𝑚−2 in
THF and a mixed water/THF solvent (figures 5.310 and 5.311). In pure THF we observed that the
solvent prefers contacts with gold surface, while the overall brush height remains comparable to
that observed in water, implying a less expanded PEO conformation in THF, which is known to be
a marginal solvent for PEO. In the mixed THF/water solution THF forms a thin layer near the gold
surface, but otherwise is practically excluded from the PEO brush where water predominantly
resides ensuring more expanded PEO conformation compared to pure THF or aqueous solutions.
The obtained results provide fundamental insights on the physical properties of a PEO brush
grafted to gold surfaces, including experimentally testable predictions regarding PEO layer
hydration and tail flexibility, as these are the key properties relevant for anti-fouling applications.
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Chapter 6.
Spherical PEO brushes
6.1. Introduction
Surface modification of organic and inorganic nanoparticles by polymers has gained considerable
attention in a growing range of nanotechnological applications.1–7 With the development of new
synthetic grafting approaches the range of available polymers has expanded and the accessible
window of grafting densities considerably increased. Unlike the planar brush for which the
maximum experimental grafting density corresponds to approximately 1 chain per nanometer
squared, for nanoparticles with a larger accessible volume the number of chains grafted per nm2
can be as high as 4 and even higher numbers (~6 𝑛𝑚−2) are experimentally reported.8 A high
grafting density can be desirable to achieve the complete coverage and protection of the
nanoparticle surface from the surrounding media. These polymer grafting densities on
nanoparticles are considerably higher than can be achieved by self-assembly of e.g. diblock
copolymers and represent an interesting case to test classical theoretical predictions for polymer
stars or spherical polymer brushes.9–12 Despite the reports of high grafting densities for spherical
polymer brushes on nanoparticles the majority of experimental measurements of the physical
properties of these brushes, as well as theoretical and computation research, is limited to a low to
moderate grafting densities,12–15 with only a few recent publications discussing spherical polymer
brushes of high grafting density.8,16,17 One of the important applications of polymer grafted
nanoparticles is in imaging and therapeutic applications in biomedicine.6,18–20. In particular gold
nanoparticles grafted by polyethylene oxide to insure stability and prevent protein adsorption have
been actively explored due to their low toxicity, ability to produce local heating, plasmonic
properties making them desirable for photodynamic therapy, cell imaging and biosensing.4,21,22
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The main functions of the grafted spherical PEO shell surrounding gold nanoparticle are to ensure
a long circulation time and protect them from undesirable interactions which relies on the high
solubility and mobility of PEO, which in turn depends on hydrogen bonding between PEO and
water and PEO hydration in general. Experimental characterization of PEO hydration is a difficult
task, which becomes almost impossible to achieve for a grafted spherical layer where the
distribution of water significantly varies with the distance from the surface and depends on grafting
density and nanoparticle radius of curvature. So far there have been no comprehensive studies,
either experimental or by computer simulations, analyzing hydration of PEO grafted to a
nanoparticle. In this work using atomistic molecular dynamic simulations we investigate a range
of spherical gold nanoparticles varying in size and grafting densities of polyethylene oxide and
analyze the scaling behavior, PEO conformation and hydration throughout the spherical layer. The
results of this study on the effect of grafting density and nanoparticle radius of curvature on PEO
hydration, water distribution and dynamics inside the layer can have important implications in
designing of PEO-grafted nanoparticles for biomedical applications as well as for catalysis.

Experimentally, small angle neutron scattering (SANS) or small angle x-ray scattering (SAXS) are
the common techniques used to characterize polymer-grafted nanoparticles with the intensity curve
fitted to different models to obtain the polymer shell size, polymer density distribution and water
fraction. Recently, Lennox et. al. studied PEO capped gold nanoparticles using transmission
electron microscopy(TEM), thermogravimetric analysis(TGA), mass density, SANS and SAXS.
They reported a rather high PEO grafting density,𝜎 = 5.83 ± 0.5 𝑛𝑚−2.8 Using contrast matching
the properties of the spherical PEO corona were analyzed using two-shell model with the inner
dehydrated PEO shell of about 1.66 nm containing practically no water and the outer shell with a
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polymer volume fraction ranging from 0.68 to 0.48. Similar conclusions on existence of
concentrated inner PEO shell of constant density (of 1.1 nm width) were made in another recent
study by Reimhult et. al. on PEO grafted iron-oxide nanoparticles.16 Analyzing SAXS data the
authors discussed the PEO brush density profile which in dilute regime for the outer shell is found
to follow the classical model by Daoud and Cotton.9 Since it is difficult to probe molecular level
details of polymer conformation and hydration in experiment, which rely on assumptions of the
model used for data fitting, computer simulation can be a very helpful tool to investigate the
polymer conformational properties and organization inside the brush as well as to analyze water
dynamics. Understanding the interfacial properties of polymer brush as well as polymer
arrangement near the nanoparticle surface is essential to improve nanoparticle performance and
broaden the application of nanomaterials in nanotechnology and biomedicine.

Experimental data are normally analyzed using Daoud and Cotton scaling model9 which considers
three regimes, the central rigid core of constant density, concentrated regime where volume
fraction of polymer changes as Φ ∝ 𝑟 −1 and semi-dilute regime, Φ ∝ 𝑟 −4/3. Later, the scaling
model was extended to consider polymer micelles and self-consistent mean filed approach was
used to describe the structural properties of neutral and charged spherical polymer brushes.10,11,23
These models recover Daoud-Cotton scaling, Φ ∝ 𝑟 −4/3 in semi-dilute good solvent conditions
and predict the average brush height H (calculated as second moment of density distribution) to
follow 𝐻 ∝ 𝜎 1/5 dependence on polymer grafting density σ for small particles and converge to
𝐻 ∝ 𝜎 1/3 for large particles and/or very high grafting densities.11 Besides of being tested
experimentally, the predicted scaling dependences have been probed in computer simulations.
Monte Carlo and generic molecular dynamics (MD) simulations that have been used mainly
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investigated spherical brushes of low grafting density.12,15,24 Thus, recently Binder et. al. carried
out coarse grained model simulation of polymer brushes on curved surfaces using MD simulation
and density functional theory with the main focus on scaling behavior of curved brushes.12 They
found that polymer brush follows Daoud-Cotton scaling, Φ ∝ 𝑟 −4/3 but DFT shows brush height
scaling on chain length as 𝑁 2/3 instead of star polymer scaling 𝑁 3/5 . Several coarse-grained MD
simulations and a few atomistic simulations of gold nanoparticles functionalized mainly by short
alkane oligomers have been performed in recent years with the main purpose to understand their
interactions with lipid bilayers and aggregates.25 These studies have not analyzed properties of
polymer brush nor studied polymer hydration. In general, we are not aware of any atomistic
molecular dynamics simulations of PEO-grafted gold nanoparticles or any investigations by means
of computer simulations of PEO hydration in a spherical polymer brush grafted to a nanoparticle
computer modeling the equilibrium structure of spherical PEO brush. All-atom MD simulations
are well-suited to obtain molecular level insights on polymer hydration and conformation inside
the spherical brush, which as discussed above is of obvious fundamental and practical importance.

In this paper, using all-atom MD simulations we study the equilibrium properties and hydration of
PEO brush grafted to spherical gold nanoparticles of different radii: r=1,2 and 3 nm, as shown in
Figure 1.6.31. We investigate the polymer and water volume fraction distribution and test
applicability of Daoud-Cotton scaling model. Varying polymer grafting density σ we analyze
polymer conformation and orientation in the spherical layer and test theoretical predictions for the
brush height. Furthermore, we investigate hydrogen bonding between polymer and water and
compare the obtained results for the spherical brush to that for the planar PEO brush and PEO
solutions to test whether the hydrogen bonding depends only on local polymer (water) content, as
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has been previously seen for planar brushes.26 We analyze hydration shell of PEO as a function
of the radial distance from the gold nanoparticle surface and determine the zone of low hydration
for nanoparticles of different sizes and for different PEO grafting densities. These results are
compared to experimental observation for PEO grafted to gold and iron oxide nanoparticles. The
overall effect of grafting density up to experimentally-relevant high values of σ=4.17 𝑛𝑚−2 on the
structure properties and hydration of PEO in the spherical brush is elucidated. Comparison with
previously done all-atom simulation on planar PEO brushes is carried out to better understand the
curvature dependent hydration. Finally, we analyze water exchange within the polymer brush and
with surrounding solution, which can have important implications for design of PEOfunctionalized gold nanoparticles for biomedical applications and more generally for catalysis of
PEO-grafted nanoparticles.

6.2. Model and Simulation Methods
We performed all-atom molecular dynamics simulations of spherical gold nanoparticles grafted
with methyl terminated PEO chains of 20 repeat units. To investigate the curvature dependent
hydration, we studied several systems ranging in the radius of gold nanoparticles: 𝑟 =
1𝑛𝑚, 2𝑛𝑚 𝑎𝑛𝑑 3𝑛𝑚 and grafting densities σ= 0.17, 0.46, 0.91, 1.50, 2.25, 3.13, 4.17 𝑛𝑚−2 . To
achieve an equilibrium structure of spherical PEO brush, we started with coarse-grained molecular
dynamics simulations using Martini force field27. Gold nanoparticle was modelled as a spherical
particle of inter-bonded coarse grained beads employing the force filed reported in ref.28 PEO
chains represented by sequence of coarse-grained beads29 were homogeneously grafted to gold
beads on nanoparticle surface to achieve a desired grafted density. The nanoparticle with grafted
PEO chains was immersed in Martini water and the NPT coarse-grained simulations were run
95

using GPU version of GROMACS-4.6.5 for at least 100 ns to equilibrate the nanostructure. The
obtained in coarse-grained simulations equilibrated structure of PEO-grafted gold nanoparticles
was back-mapped30 to atomistic structure. For atomistic simulations, gold nanoparticle was
generated using FCC crystalline gold cut into a spherical shape of radii 1, 2 and 3nm. We used
force-field for the gold reported in ref.31 which we also employed in our previous paper on planar
PEO brush.26 PEO chains were roughly homogeneously attached to the surface of gold
nanoparticle via sulfur bonds. The force field parameters for PEO and sulfur were same as in our
previous papers.26 SPCE model for water was used in all simulations. The periodic box sizes used
in the simulations were 10 nm x 10 nm x 10 nm, 13 nm x 13 nm x 13 nm and 16 nm x 16 nm x 16
nm for gold nanoparticles of radii 1nm, 2nm and 3nm respectively. All simulations were carried
out using GPU version of GROMACS-4.6.5. We used NPT ensemble to simulate the system using
Berendsen barostat at pressure 1 atm and V-rescale thermostat at T=310 K to be consistent with
previously done computer simulations.26 The coupling time constants for temperature was 1ps
while for pressure it was 2ps. Electrostatic calculation was done using PME method with Fourier
spacing 0.12nm. The integration time step for the simulation was 2fs. Each system was equilibrated
for not less than 20 ns with simulation time exceeding 70 ns for brushes of higher grafting density.
The volume fractions of PEO and water were calculated using spherical layers of 0.3 𝑛𝑚 width
in radial direction starting from the surface of gold nanoparticles. For volume fraction calculations
we used 0.02 𝑛𝑚3 for the volume of CH2 group and PEO oxygen and 0.03 𝑛𝑚3 for the water
volume, similar to our previous paper.26 The hydrogen bond calculation was performed using the
geometrical criteria for the distance between oxygens of PEO and water 𝑟𝑜𝑜 ≤ 3.5 𝑛𝑚 and angle
∡𝐻𝐷𝐴 ≤ 30° between the vectors of hydrogen (H) to oxygen of (the same) water (D) (satisfying
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the distance criterion) and oxygen of water (D) to oxygen of PEO (A) similar to what was used in
our previous publications.26,32,33
6.3. Result and Discussion
To understand the effect of grafting density and nanoparticle radius curvature on PEO
conformation and hydration inside the spherical brush, we studied three gold nanoparticles of radii
1nm, 2nm and 3nm and vary PEO grafting density from 𝜎 = 0.16 𝑛𝑚−2 to 𝜎 = 4.18 𝑛𝑚−2 for
each nanoparticle. The representative set of the equilibrium PEO-grafted nanoparticles is shown
in Figure 6.31. As is seen at low grafting densities PEO adsorbs on the gold surface primarily to
substitute for water layering observed in the vicinity of planar and spherical gold surfaces.31,34–36
With an increase of the grafting density σ the PEO adsorption diminishes and chains spread out
forming a spherical shell. The overall shell size and density of PEO in the shell noticeably increases

Figure 6.31: Computer simulation snapshots for the equilibrium structure of three gold
nanoparticles studied of diameter 2nm, 4nm and 6nm grafted with PEO chains of 20 repeat
units with grafting densities 𝜎 ~ 0.46, 1.50, 2.24 𝑎𝑛𝑑 4.17 𝑛𝑚−2 𝑎t T=310 K. and the
column represents the varying particles with r = 3nm (upper row), 2nm(middle row) and 1nm
(bottom row) respectively. Gold nanoparticle are shown in yellow and PEO represented as lines
and water is not shown for clarity. The snapshots are obtained using VMD.
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with an increase of both grafting density (for a given nanoparticle size) and an increase of
nanoparticle radius (for a given grafting density) demonstrating that both effects play prominent
role in PEO conformation and structure of the PEO layer, which we’ll discuss below.
PEO grafting density effect.
To characterize the structure of grafted PEO layer we calculated the radial volume fraction profile
of PEO, which is shown in Figure 6.32 for gold nanoparticle of radius 2nm as a function of radial
distance from its center. As is seen, PEO volume fraction can be rather high in the immediate
vicinity of the gold surface. At low PEO grafting density it is attributed to PEO adsorption on the
gold to substitute for water layering34. As grafting density increases, chain crowding near the gold
nanoparticle surface diminishes the tendency for PEO to adsorb with overall volume fraction of
PEO continue to rise until it reaches about 0.7 at the highest grafting density considered, 𝜎 =
4.17 𝑛𝑚−2. Comparable PEO volume fraction (Φ~0.6) was reported experimentally for PB-PEO
micelles37 and even higher PEO volume fraction was obtained from fitting SANS data fitting for
the dense region near the surface of gold nanoparticle of radius 𝑟 = 2.45 ± 0.1𝑛𝑚 at high grafting
density 𝜎 = 5.83 ± 0.5 𝑛𝑚−2 .38 Further away from gold nanoparticle surface the available area
per chain increases and volume fraction of PEO decreases rapidly at lower grafting densities and
somewhat slower for higher grafting densities.
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It is informative to test classical scaling models for the polymer density profile behavior in a
spherical brush. According to Daoud-Cotton model9 supported by subsequent other analytical and
4

SCF models,10,11,39 the polymer volume fraction profiles scales as Φ(𝑟)~𝑟 −3 for semi dilute
spherical brush. As is seen from Figure 6.32b, which shows the log-log plot of PEO volume
fraction as a function of radial distance from nanoparticle center, Φ(r) indeed follows the DaoudCotton

model

for

experimentally-relevant

grafting

densities

𝜎 ≥ 1 𝑛𝑚−2. Similar behavior is observed for other studied nanoparticle sizes (r=1nm, r=3nm).
a)

b)

Figure 6.32: Volume fraction of PEO in a spherical layer surrounding gold
nanoparticle as a function of the radial distance from the gold nanoparticle center
plotted a linear (a) and logarithmic (b) scale for different grafting densities of
PEO indicated in the plot. The gold nanoparticle radius r=2 nm, the number of
repeat units of PEO is 20, T=310 K.
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These results are consistent with recent SANS experimental data for PEO grafted
4

(𝜎 = 3.5𝑛𝑚−2 ) on iron-oxide nanoparticles of 3.7-4.6nm in diameter,16 which show Φ(𝑟)~𝑟 −3
dependence for PEO volume fraction away from the nanoparticle but suggest a constant polymer
density for concentrated polymer brush regime near the nanoparticle surface. Our simulation
results indicate that in the immediate vicinity of the surface the decrease of polymer volume
fraction seems less pronounced, but surface roughness and statistical variation of the data does not
definitively support or contradict these experimental observations. At low grafting densities PEO

a)

b)

Figure 6.33: a) The ratio of the end-to-end distances for PEO grafted to gold
nanoparticles of 1nm, 2nm and 3nm in radius to that in aqueous solution characterizing
the chain extension and b) the orientational order parameter for the end-to-end vector
with respect to radial direction as a function of grafting density σ.
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adsorption on gold surface results in local polymer density enhancement leading to a stronger
decay of Φ(r) dependence away from the surface.
To characterize the PEO stretching in the spherical brush we calculated and plotted in Figure 6.33a)
the ratio of the end-to-end distance (𝑅𝑒𝑛𝑑 ) for PEO chain grafted to gold nanoparticles to that in
aqueous solution. As is seen, at low grafting density, σ~1nm-2, the PEO conformation is
comparable to that in aqueous solutions, implying that the PEO chains are in mushroom regime.
With an increase in the grafting density, PEO chains started to stretch near the gold surface and
the overall end-to-end distance increases compared to that in solution. This trend persists for
different nanoparticle sizes, i.e. r=1n, 2nm and 3nm. For the larger nanoparticles PEO stretching
is more pronounced at higher grafting densities reaching 1.2, 1.35 and 1.5 times for gold
nanoparticles of 1nm, 2nm and 3nm respectively. This demonstrates that the decrease in curvature

Figure 6.34: The average height of spherical PEO brush obtained using eq.6.32 as a
function of polymer grafting density for gold nanoparticles of radius 1nm (squares),
2nm (circles) and 3nm (triangles). Slopes corresponding to the scaling dependences
1

1

for spherical 𝐻~𝜎 5 and planar brushes 𝐻~𝜎 3 are shown.
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enhances the chain crowding and stretching with highly stretched chain for planar brushes where
the ratio reaches 2.2. Polymer crowding near the gold surface also leads to preferential chain
orientation away from the surface, unless there is chain adsorption. To characterize chain
orientation, we calculated the orientational order parameter of PEO end-to end vector with respect
to the radial direction (normal to spherical surface):
1

𝑆 = 2 ⟨(3 𝐶𝑜𝑠 2 𝜃 − 1)⟩

(6.31)

where 𝜃 is the angle between the end-to-end vector of PEO chain and radial direction from center
of gold nanoparticle to the grafting point of the chain. Figure 6.33b, shows the orientational order
parameter as a function of grafting density for gold nanoparticles of varying size. As can be seen
from the plot, there is a systematic increase in the order parameter with the grafting density, as
well as the order parameter increases with particles size. For the smallest particle with r=1nm, the
order parameter remains below 0.5 even for the highest grafting density. In contrast for
nanoparticles with r=2nm and r=3nm the order parameter reaches 0.7-0.8 at high grafting densities,
indicating that both, an increase of grafting density and a decrease in nanoparticle curvature
enhances the chain stretching and orientation.

One of the general properties of polymer brushes is the brush height. The average height for PEO
chains grafted to gold nanoparticles can be obtained from the volume fraction profile Φ(r) shown
in Fig. 6.32, by calculating the second moment using equation:11,12
𝐻2 =

∫ 𝑟 2 𝑑𝑟 Φ(𝑟) (𝑟−𝑅𝑐 )2

(6.32)

∫ 𝑟 2 𝑑𝑟 Φ(𝑟)
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Figure 6.34 shows in logarithmic scale the spherical brush heights H for different nanoparticle size
as functions of grafting density 𝜎 for four highest values of σ. As is seen, for the smallest
1

nanoparticle studied, the heights of the spherical brush follows closely the expected 𝜎 5 scaling
predicted by Daoud-Cotton model9 supported by subsequent other analytical and SCF
models10,11,39. We note that at low grafting densities partial or complete polymer adsorption distorts
the scaling. For the larger nanoparticles, the height of the spherical PEO brush increases somewhat
1

quicker with grafting density, so the scaling shifts towards 𝜎 3 expected for planar polymer
brushes,40,41 as the nanoparticle curvature decreases. These changes in scaling of PEO brush height
are consistent with stronger chain stretching and orientation occurring at higher grafting densities
and for nanoparticles of larger size, as we discussed above.
Hydration: Hydration plays an important role in PEO conformation and dynamics in aqueous
solutions and in polymer brushes,26,32,33,42–46 including important implications for protein
inhibition.3 And yet, there is a little known about PEO hydration in spherical brushes. To
investigate hydration of PEO grafted to gold nanoparticles we calculated and plotted in Figure
6.35a) the average number of hydrogen bonds between PEO and water as a function of radial
distance from the center of the gold nanoparticle. To identify hydrogen bonds we used the distance
and angle criterions discussed in simulation details section. As is seen from Figure 6.35a), at low
grafting densities 𝜎 ≤ 1.5 𝑛𝑚−2 PEO chains achieve the solution level of hydrogen bonding
(~1.2 hydrogen bonds per oxygen of PEO) already at distances exceeding ~0.5𝑛𝑚 from the gold
nanoparticle surface indicating that hydrogen bonding is restricted only in the immediate vicinity
of gold surface. At higher grafting densities this zone of insufficient hydrogen bonding expands
up to ~1.5 𝑛𝑚 from the gold core surface for the highest grafting density. In this zone polymer
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volume fraction exceeds that of water, similar to experimental observations of concentrated
polymer area near the gold or iron oxide nanoparticle surface.16,38
While the average number of hydrogen bonds is a good measure of direct water-PEO interactions,
it is not the only measure of hydration. Depending on experimental technique used, the hydration
number of water molecules in direct contact with a PEO repeat unit in solution varies from 2 to
8.42,47–55 [exp. Papers on hydration]. To quantify PEO hydration shell, we calculated the total
number of water molecules within 3.5A of the polymer backbone per repeat unit of PEO as a
function of the distance from the gold nanoparticle center (for calculation we used spherical shells
of 3A width). The results of these calculations are shown in the Figure 6.35b for the gold
nanoparticle of radius 2nm. As is seen, nearby the gold surface the hydration shell is very thin for
all grafting densities considered. The number of water molecules in the hydration shell of PEO
systematically increases with the radial distance as the area per chain expands and reaches the
solution level, (~5.8 ) only at the periphery of the PEO layer.33,56–58 It is interesting to note that
comparing Figure 6.35 a) and b) one can notice that hydrogen bonding reaches the solution level
at a rather short distance from the gold surface while incomplete hydration of PEO persists almost
throughout the whole spherical layer (at least for PEO chains of 20 repeat units studied here). If
one takes 2.5 water molecules per repeat unit of PEO as a satisfactorily hydrated state based on
experimental reports using acoustic, DSC and IR measurements,48,51,54,55 then the estimate of
poorly hydrated zone based on the hydration shell and hydrogen bonding match with the maximum
zone width of ~1.5 𝑛𝑚 from the gold core surface achieved for the highest grafting density
(𝜎 = 4.17 𝑛𝑚−2 ).
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Figure 6.35: The average number of a) hydrogen bonds per oxygen of PEO; b) water
molecules in the hydration shell per repeat unit of PEO and c) the fraction of water
molecules which are not hydrogen bonded to PEO as functions of radial distance from
nanoparticle center for gold particle of 2nm radius. Different grafting densities of PEO
are indicated in the plot.
.
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To understand the origin of incomplete hydration of PEO in the spherical brush, we calculated and
plotted in Figure 6.35c the fraction of “free water”, i.e. fraction of water that is not hydrogen
bonded to PEO to all water present at a given radial distance r. As expected, near the gold surface
the fraction of free water is low. In particular for PEO brushes at high grafting densities the fraction
of free water is zero within some range of the surface, i.e. all water present there is hydrogen
bonded to PEO and contributes the hydration shell. This range of bound water near the gold surface
reaches 1nm at the highest grafting density (𝜎 = 4.17 𝑛𝑚−2 ) considered. Further away from the
gold surface fraction of free water rapidly increases. At low density of grafting PEO can be
considered well-hydrated throughout the spherical layer, except for the immediate vicinity of gold
surface. In contrast, PEO chains densely grafted to the gold nanoparticle exhibit dehydrated zone
with lower degree of hydrogen bonding and thin hydration shell within up to 1.5nm zone from the
surface and even at larger distanced from the surface PEO remains not fully hydrated.
As is seen from Figure 6.35c) for high grafting densities the fraction of free water dramatically
changes throughout the spherical PEO brush from nearly zero level to dominance at the periphery
of the layer. The free water distribution affects not only the equilibrium hydration discussed above,
but also the dynamics of hydration and therefore segmental dynamics of grafted PEO, which is
relevant for protein adsorption inhibition.59 To quantify the dynamics of hydration, we subdivided
spherical brush into spherical shells of 1nm width starting from the gold surface and calculated the
water residence correlation function
𝑁 (𝑡)

𝐶ℎ𝑏 (𝑡) ≡ 〈𝑁𝑤(0)〉

(6.33)

𝑤

for the number of water molecules hydrogen bonded to PEO section inside the shell at time t,
𝑁𝑤 (𝑡), compared to t=0, 𝑁𝑤 (0) for the first three shells, i.e. from 0-1nm, 1-2nm and 2-3nm from
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the gold surface. We note that each shell contains approximately similar section of PEO chains
and the averaging performed over different chains and different initial point of trajectory. 𝐶ℎ𝑏 (𝑡)
is shown in Figure 6.36 for gold nanoparticle with radius 2nm at the highest PEO grafting density
𝜎 = 4.17 𝑛𝑚−2 . As is seen, water hydrogen bonded to PEO in the first shell closest to the gold
surface remains rather stable over the prolonged time period – even after 1ns more than 70% of
water remain hydrogen bonded to PEO (not necessary at the initial location) inside the shell. This
observation is consistent with practically zero free water present in this region according to Figure
6.35c). In the spherical shell from 1 to 2nm away from gold nanoparticle surface, hydrogen bonded
water exchange more rapidly: only ~30% of the initial hydrogen bonded water retained after 1ns
and for the shell further away from the nanoparticle surface 2-3nm almost all water initially bound

Figure 6.36: Water residence correlation function 𝐶ℎ𝑏 (𝑡) for PEO sections in the
spherical shells: from the gold nanoparticle surface to 1nm in the radial direction (0-1),
from 1 to 2 nanometer distance from the gold nanoparticle surface (1-2) and from 2 to 3
nanometer distance from the nanoparticle surface (2-3). Gold nanoparticle radius is
2nm, PEO grafting density is 𝜎 = 4.17 𝑛𝑚−2 .
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to PEO gets replaced by new water molecules, indicating quick free exchange of water with
surrounding solution.
It is also informative to compare the water residence correlation function 𝐶ℎ𝑏 (𝑡) obtained for
different grafting densities of PEO. Analyzing the grafting density effect for a given shell one can
see that with an increase in σ stability of hydrogen bonded water increases. This is to be expected,
as increase of local polymer concentration implies less available space for water and therefore
slower exchange of water within and/or between shells. Comparing different spherical shells, one
can see that the region closest to nanoparticle surface (0-1nm) is affected the most by the grafting
density increase, the next shell (1-2nm) still shows a noticeable effect and only the most distance
shell (2-3nm) exhibit a rather small influence of σ on dynamics of water exchange. Thus, there is
systematic decrease in water stability away from the surface with relatively stagnant water zone
extending up to 1.5-2nm from the surface depending on grafting density of PEO (for a given PEO
degree of polymerization, N=20 considered here).

Figure 6.37: Water residence correlation function 𝐶ℎ𝑏 (𝑡) for PEO sections in the
spherical shells: from the gold nanoparticle surface to 1nm in the radial direction (0-1),
from 1 to 2 nanometer distance from the gold nanoparticle surface (1-2) and from 2 to 3
nanometer distance from the nanoparticle surface (2-3) obtained for different grafting
densities for gold nanoparticle of radius 2nm.
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Radius of curvature effect:
The area and volume available per PEO chain grafting to a nanoparticle varies dramatically with
the distance away from the nanoparticle and obviously depends also on the grafting density as well
as nanoparticle radius of curvature. Therefore, it is interesting to understand the radius of curvature
effect on the volume fraction profile and hydration of spherical PEO brushes. In Figure 6.38 we
compare PEO and water volume fraction profiles in spherical brushes grafted to nanoparticles of
1nm, 2nm and 3nm in radius and in planar PEO brush at the same grafting density, σ = 4.17nm−2 .
As is seen an increase in the nanoparticle radius results in a smaller available space per PEO chain
and results in a higher density polymer brush. In the limit of planar brush the PEO profile becomes
step-like at this high grafting density. At low grafting densities the difference in the polymer
density profiles is less pronounced, implying that the curvature effect is less important in
mushroom or weakly overlapping brush regime. From these results we can infer that grafting
density alone is not sufficient to characterize the polymer brush properties. Despite having
identical grafting density, we find that the density profiles of polymer brush depend on
nanoparticle curvature leading to different conformational properties, as shown in Figures 6.33 for
the average chain stretching and orientation and Figure 6.34 for the brush height. To further
understand the effect of curvature on hydration we compared In Figure 6.38b) the volume fraction
profiles for PEO and water in spherical brushes grafted to nanoparticles of different curvature. The
intersection between PEO and water volume fraction marks the point where volume fraction of
both PEO and water reaches 0.5. For the highest grafting density 𝜎 = 4.17𝑛𝑚−2 , we find polymer
dominates within 0.6nm, 1.2nm and 2nm of the nanoparticle surface for r=1nm, 2nm and 3nm gold
particles, respectively. This systematic increase in the region of high polymer concentration in the
vicinity of the nanoparticle surface show that both an increase in grafting density or decrease in
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nanoparticle curvature can result in chain crowding and possible dehydration near the nanoparticle
surface. This result is important for designing nanoparticles for e.g. biomedical applications as the
nanoparticle protection and hydration of outer shell of PEO are essential for payload safety and
prevention of undesirable interactions.

Figure 6.38: Volume fraction of PEO in spherical layers surrounding gold nanoparticles
of different radii: 1nm (squares), 2nm (circles) and 3nm (up triangles) in comparison
with a) that in the planar PEO layer (down triangles) and b) water volume fraction as
functions of the (radial) distance from the gold (nanoparticle) surface at grafting
density 𝜎 = 4.17𝑛𝑚−2. The number of repeat units of PEO is 20, T=310K.
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6.3Indeed, Figure 6.39a) shows the average number of water molecules hydrogen bonded to PEO
calculated per oxygen of PEO as a function of radial distance from the gold surface. As is seen
there is a systematic decrease in the degree of hydrogen bonding as nanoparticle size increases
from 1nm to 2nm, to 3nm and there is a dramatic decrease in the average number of hydrogen
bonds for the PEO brush grafted to a planar gold surface. In the latter case PEO brush is severely

Figure 6.39: The average number of hydrogen bonds per oxygen of PEO a) as a function
of radial distance from the gold nanoparticle surface for nanoparticles of different radius
of curvature and planar gold surface at grafting density 𝜎 = 4.17𝑛𝑚−2 , b) as a function
of local volume fraction of PEO (except for the area in the immediate vicinity of gold
surface, where statistical errors are high) shown together with water-water hydrogen
bonding (per water oxygen) obtained for all system studied. Dashed cures in b) show the
results obtained for PEO solutions.
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dehydrated leading to a very few hydrogen bonded water. In our preceding work on PEO brushes
grafted to planar gold surface we found that the extent of hydrogen bonding depends primarily on
local water content, so that the hydrogen bonding data obtained at different grafting densities can
be all collapsed into one single curve.26 Obviously the variation of water (and PEO) volume
fraction is not as dramatic in the planar layers compared to the spherical brush studied here, so it
is informative to plot the average number of water hydrogen bonded to PEO (per PEO oxygen)
and water hydrogen bonded to water (per oxygen of water) for all cases studied here as a function
of local volume fraction of PEO in a similar manner as we previously done for planar PEO brush.
The result is shown in Figure 6.39b. As is seen for the spherical PEO brush obtained at different
grafting densities and different nanoparticle radii of curvature, the average number of hydrogen
bonded water follows the same dependence as in planar PEO brush26 and in aqueous PEO solutions
at the same local PEO content, in agreement with analytical model for PEO solutions. 45,46 This
result confirms that hydrogen bonding depends primarily on the local water content inside the
polymer brush.
As the number of hydrogen bonded to PEO water changes through the PEO brush depending on
grafting density and nanoparticle curvature, so does the fraction of free water, i.e. water that is not
hydrogen bonded to PEO. Figure 6.310a) shows the fraction of water that is no hydrogen bonded
to PEO as a function of the distance from the gold surface for nanoparticles of different radii of
curvature in comparison with that in planar PEO brush, all at the highest grafting density studied,
(σ = 4.17nm−2 ). As is seen the region near the gold surface containing no free water substantially
expands from about 0.5nm to 1nm and 1.8nm for 1nm, 2nm and 3nm (in radius) nanoparticles and
it expands to the whole PEO brush for the planar brush case. Indeed, with the decrease in the radius
of curvature the area available for polymer and water reduces to such extent that practically all
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water remained in a planar brush is bound to PEO by hydrogen bonding. This implies that the
water exchange between the surrounding solution and the water within the brush slows down as
the radius of curvature of the nanoparticle decreases. To quantify water exchange we compare in

Figure 6.310: a) Fraction of free water, i.e. fraction of water molecules which are not
hydrogen bonded to PEO as function of (radial) distance from the gold surface for
spherical PEO brush grafted on nanoparticles of different radii and for planar PEO
brush surface grafting density σ = 4.17nm−2 . b) Hydrogen bonded water residence
correlation function Chb (t) for PEO spherical shell from 1 to 2 nanometer distance
from the gold surface for the same grafting density (σ = 4.17nm−2 ).
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Figure 6.310b) the stability of water hydrogen bonded to PEO as a function of time 𝐶ℎ𝑏 (𝑡) in the
shell from 1nm to 2nm from the gold surface calculated using eq. 6.33 for spherical PEO brushes
grafted to nanoparticle of different radii in comparison to planar PEO layer. As is seen, with the
decrease in the radius of curvature the stability of water hydrogen bonded to PEO increases with
more than 50% of the water remain intact in the PEO hydration shell after 1ns for the gold
nanoparticle of 3nm radius, while for nanoparticle of 2nm in radius only 30% of the water remains
hydrogen boned to PEO and for the smallest nanoparticle of radius 1nm almost all water gets
exchanged during the same time period. These results imply that water exchange between different
regions of PEO shell significantly slows down, as PEO density increases (and water content
decreases) as a result of grafting density increase or radius of curvature decrease.

Figure 6.311: The thickness of low-hydration zone near the gold surface with less
than 2.5 water molecules in a hydration shell per repeat unit of PEO as a function
of PEO grafting density and nanoparticle radius.
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As water exchange within the PEO brush and especially with surrounding solution is important for
stability and protection of nanoparticles and payload from undesirable interactions, as well as for
designing cleavable nanoparticles or for catalytic reactions in the core or on metallic surface, it is
of obvious importance to understand the factors affecting dehydration and determine the
dehydration zone width. There are different criteria that can be used to determine the low hydration
zone. Using 2.5 water molecules in hydration shell of PEO, as often reported
experimentally,48,51,54,55 as satisfactory (but by no means complete33,56–58) level of hydration, we
analyzed data for all nanoparticle sizes and grafting densities studied and determined the width of
low hydration zone (with less than 2.5 water molecules per repeat unit of PEO) near the
nanoparticle surface, as shown in Figure 6.311. As is seen, an increase in both nanoparticle radius
and grafting density leads to an expansion of low hydration zone for PEO up to 2.5nm from the
gold surface obtained for the highest grafting density and nanoparticle size. The plot shows that a
different combination of grafting density and nanoparticle size may result in the same width of
low hydration zone. Depending on practical applications one or another level of dehydration may
be desirable – e.g. wider dehydration zone may be favorable for stability of the nanoparticle and
payload but can be undesirable with respect to protein adsorption if the majority of the shell is
dehydrated and stagnant or if drug release requires active water exchange.
6.4. Conclusions
Using all atom molecular dynamics simulations, we investigated the spherical brush of PEO chain
of 20 repeat units in length grafted to gold nanoparticles of varying diameters and grafting
densities. The radial volume fraction distribution for PEO chains were obtained for different
grafting densities ranging from 0.16 nm-2 to 4.17 nm-2. We found that the volume fraction profiles
of PEO follow the expected scaling of Daoud-Cotton model Φ(𝑟)~𝑟 −4/3 at high grafting
115

densities (Figure 6.32b). Polymer brush height was estimated from second moment of volume
fraction profile using eq. 6.32. We found that for gold nanoparticle of 1nm in radius, the brush
height H increases with grafting density following the expected H ~𝜎 1/5 dependence, while with
the nanoparticle size increase the dependence shifts towards H ~𝜎 1/3 (Figure 6.34), even though
limited range of high grafting densities and statistical errors precludes us from making definitive
predictions of the exponent. When grafting density is low, we observe adsorption of PEO chains
on gold surface consistent with experimental observations36, which affect the polymer volume
fraction profile and decreases the brush height. The PEO adsorption on gold originates from
substitution for the water layering in the vicinity of gold surface.26,34 Analyzing PEO conformation
in a spherical brush, we found that PEO chains are somewhat stretched, especially in the case of
high grafting densities and larger nanoparticle size when PEO end-to-end distance 1.5 times
exceeds that in PEO solutions (Figure 6.33a). An increase of PEO end-to-end distance in the
spherical PEO brush is also attributed to orientation of chain in the radial direction. We
characterized the orientational order parameter for the end-to-end vector for the grafted PEO
chains with respect to radial orientation and found that the orientation noticeably increases with
nanoparticle size and PEO grafting density being attributed to the decreasing space available for
chains and enhancement of chain crowding (Figure 6.33b). We note that the absolute value of the
chain stretching and orientational order parameter may vary with PEO chain length, which will be
a subject of our future work.
Having performed atomistic molecular dynamics simulations allowed us to investigate the details
of water distribution throughout the PEO brush and calculate the degree of hydrogen bonding
between PEO and water as well as water–water hydrogen bonding. We found that at low to
moderate grafting densities the PEO chains fully hydrated and the average number of hydrogen
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bonds per PEO oxygen reaches the level (1.2) observed for polymer solutions, except for the
immediate vicinity of the gold surface, where chain adsorption and chain crowding prevents full
hydration. With an increase of grafting density and nanoparticle size the average fraction hydrogen
bond per PEO oxygen decreases and the zone of insufficient hydration near the gold surface
expands (Figure 6.35a and Figure 6.39a). Analyzing the data for all nanoparticles and grafting
densities studied, we found that the degree of hydrogen bonding between PEO and in between
water follows the same common trend as in planar PEO brush, i.e. hydrogen bonding depends
primarily on the local volume fraction of polymer (water) and can be predicted knowing degree of
hydrogen bonding of polymer solutions of corresponding polymer content. We also analyzed the
PEO hydration shell, i.e. the average number of water molecules located within of 3.5 of PEO
backbone calculated per monomer of PEO. We found that achieving the full hydration shell for
PEO is much more demanding than having hydrogen bonding at the solution level, so that the PEO
chains have incomplete hydration shell for the most of the corona. Taking 2.5 water molecules
(which is less than half of the complete hydration shell of 5.8) as a minimally acceptable hydration
shell level, based on experimental data, we determined the zone of dehydration near the gold
surface (Figure 6.35b). This dehydration zone considerably expands with an increase in PEO
grafting density and especially nanoparticle size, reaching up to 2.5nm, the size comparable with
a nanoparticle radius (Figure 6.311). The presence of dehydrated polymer-dominated regions of
spherical PEO brush agrees well with recent experimental data on gold and iron oxide-grafted PEO
brush.8,16 Having a substantial dehydration zone raises the question about water distribution and
mobility inside the spherical layer. We calculated the fraction of water which is not hydrogen
bonded to polymer, I.e. free water, inside the spherical layer as a function of radial distance from
the gold surface (Figure 6.35c). We found that in some vicinity of gold surface all water is bound
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to polymer. This region significantly expands with an increase in grafting density (Figure 6.35c)
and especially with decrease of nanoparticle curvature (Figure 6.310a) expanding to nearly the
whole PEO brush in the limit of planar brush of high grafting density. We also analyzed the
dynamics of water hydrogen bonded to PEO in different spherical layers of the corona and found
that the hydrogen bonded water stability is the highest in the region closest to gold surface, which
is to be expected. Hydrogen bonded water stability noticeably increases with grafting density and
nanoparticle size (Figure 6.37 and 6.310b). It is interesting to note that water exchange is found to
be somewhat limited even in the middle of the PEO brush and only the outer layer of the PEO
brush exhibit a very minor dependence on grafting density indicating quick water exchange with
surrounding media.
Thus, the analysis of equilibrium and dynamical properties of spherical PEO brush grafted on gold
nanoparticles show that while the overall brush height and polymer distribution throughout the
brush follow classical scaling dependences, the conformational properties and especially hydration
of PEO chains inside the brush are less intuitive and strongly depend on both polymer grafting
density and nanoparticle curvature. In particular, the presence of relatively wide zone of low
polymer hydration near the nanoparticle surface and slow water exchange in the inner PEO brush
region are important findings which expand current fundamental understanding of water-soluble
spherical polymer brushes and have important implications for design optimization of PEO-grafted
nanoparticles for biomedical applications or catalysis.
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7

Summary and Future Work

In this thesis, we presented the result of atomistic molecular dynamics simulation of polyethylene
oxide chains under different conditions. So far, very little work had been done on hydration of
water-soluble polymer under confinement and in polymer brushes. The results of our simulations
provide a significant step forward in our understanding of water-soluble polymers in solutions,
binary mixture of protic solvents, under nanoconfinement and in nanostructures. In chapter 3, we
explored the fundamental properties of PEO in pure solutions as well as in binary mixtures and
were able to modify the force field parameters to account for correct hydration behavior based on
theoretical models. In chapter 4, we extended our understanding of PEO chains in solutions and
explored the behavior of PEO under nanoconfinement. Classical theories by de Gennes1 and Odijk2
provide the scaling analysis for the flexible and rigid polymers under different confinements.
Comparing the unique scaling behavior shown by PEO with classical theories paves a pathway in
understanding highly flexible polymer under confinement and we believe that the result of this
analysis will be helpful for researches studying biopolymers like protein and DNA in nanochannels
and nanopores. In chapter 5 and chapter 6, we explored the polymer brushes and more specifically
a very high grafting density PEO brushes on planar gold sheet and spherical gold nanoparticles.
For planar brushes, the highest grafting densities used in the simulations are beyond the
experimentally synthesized density in present time. This study of hydration and dynamics these
planar brushes can be insightful for experimentalists who are striving to synthesize very high
grafting density brushes for various industrial and biomedical applications. While it is hard to
synthesize high grafting density brush for planar surface, there are reports of very high grafting
density for spherical brushes including some reports3 suggesting enormously high grafting density
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7 𝑛𝑚−2 . Much of the higher grafting density brushes, specially hydration of PEO brushes has not
been explored in detail to our knowledge and we believe that understanding the effect of grafting
density as well as curvature on conformation and hydration of PEO brushes would be useful for
designing new materials.
In future, we hope to extend our research to biologically important macromolecules like protein
and DNA and explore different aspects of hydration and conformational transitions. There are
simulation reports that graphene nanopore can be used for DNA sequencing.4 Further, the study of
DNA and protein inside carbon nanotube and understanding the role water plays inside that
confinement would be an exciting step to explore.
Hydration and conformation of PEO grafted to spherical gold nanoparticles can be directly
compared to that in self-assembled copolymer micelles e.g. PB-PEO, PPO-PEO or PE-PEO
micelles. The interfacial properties of these polymeric micelles play an important role in micelles’
applications and hence the comparative study of polymeric micelles with spherical gold micelle
will be insightful.
We believe that the outcomes of these studies are of fundamental importance and will make
significant impact for designing, improving and modifying the nanomaterials in future.
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